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I. SUMMARY 

A f t e r  s u c c e s s f u l l y  completing 2000 hours test of a two-stage t u r b i n e  

with i n l e t  potassium vapor a t  1500'F and vapor q u a l i t y  a t  99 pe rcen t ,  a n  

a d d i t i o n a l  3000 hours test was completed a t  t h e  same tes t  c o n d i t i o n s  which 

inc luded  a second s t a g e  i n l e t  vapor q u a l i t y  c a l c u l a t e d  t o  be 96.7 pe rcen t .  

The o b j e c t i v e  of both  tests was t o  determine t h e  r e s i s t a n c e  of r o t o r - b l a d e  

r e f r a c t o r y  m a t e r i a l s  t o  l i q u i d  impact e r o s i o n  and/or c o r r o s i o n .  

are needed i n  t h e  des ign  of vapor t u r b i n e s  for u s e  i n  Rankine-cycle space  

e l e c t r i c  power g e n e r a t o r s .  

These d a t a  

The conclus ions  from a d e t a i l e d  mechanical i n spec t ion ,  a thorough m e t a l -  

l u r g i c a l  e v a l u a t i o n  and performance s u r v e i l l a n c e  du r ing  t e s t i n g  are a s  fol lows:  

1. The t u r b i n e  exper ienced  no damage a f f e c t i n g  i t s  s a f e t y  and 

r e l i a b i l i t y .  

2, The f a c i l i t y  demonstrated i t s  p o t e n t i a l i t y  of suppor t ing  a long- 

d u r a t i o n  endurance test e s p e c i a l l y  by i t s  c h a r a c t e r i s t i c  of 

reducing  t h e  a l r e a d y  low potassium p u r i t y  l e v e l  as t e s t i n g  

p r o g r e s s e s .  

Only minor ev idences  of e r o s i o n  and/or c o r r o s i o n  were observed 

on t h e  t u r b i n e  s u p e r a l l o y  and r e f r ac to ry -me ta l  p a r t s .  

3 .  

4. N o  d e t e r i o r a t i o n  i n  t u r b i n e  performance was noted .  
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I I . INTRODUCTION 
m' 

On space  missions i n  which t h e  r e q u i r e d  power for l i f e  suppor t ,  e l e c t m n i c  

devices ,  and/or e lectr ical  propuls ion  exceeds one ortwo hundreds of k i l o w a t t s ,  

s e r i o u s  c o n s i d e r a t i o n  i s  be ing  given by NASA t o  t h e  u s e  of nuc lear - fue led ,  

Rankine-cycle,  powerplants u s i n g  potassium vapor as t h e  working f l u i d .  S i n c e  

o p e r a t i o n  of t h e  t u r b i n e  a t  least  p a r t i a l l y  i n  t h e  w e t  r e g i o n  i s  mandatory, i t  

is necessary t o  e s t a b l i s h  t h e  s e v e r i t y  of t h e  t u r b i n e  r o t o r - b l a d e  e r o s i o n  pro- 

blem which is expected based upon t h e  c o n s t a n t  exper ience  wi th  e r o s i o n  i n  t h e  

c e n t r a l - s t a t i o n  steam t u r b i n e  i n d u s t r y .  The General E lec t r ic  Company designed, 

f a b r i c a t e d  and endurance t e s t e d  a two-stage potassium vapor t u r b i n e  under NASA, 

L e w i s  Research Center  C o n t r a c t  NAS 5-1143. The f l u i d  dynamic des ign ,  mechanical 

design,  m a t e r i a l s  suppor t  and f a c i l i t y  des ign  a s p e c t s  of t h i s  program are 

d e s c r i b e d  i n  r e f e r e n c e s  1, 2, 3, and 4, r e s p e c t i v e l y .  

The two-stage t u r b i n e  2000-hour endurance test was conducted a t  a n  i n l e t  

temperature and vapor q u a l i t y  o f  1500°F and above 99 percent ,  r e s p e c t i v e l y .  

The i n l e t  q u a l i t y  and t i p  speed OP t h e  second s t a g e  was c a l c u l a t e d  t o  be 96.7 

p e r c e n t  and 770 f p s ,  r e s p e c t i v e l y .  The e x i t  temperature  of t h e  t u r b i n e  was 

1240"F, which r e s u l t e d  i n  o p e r a t i n g  a t  t h e  des ign  t o t a l - t o - s t a t i c  p r e s s u r e  r a t i o  

of 3.47. The r o t a t i v e  speed w a s  18,250 rpm for t h e  t es t .  

The 2000-hour endurance test w a s  completed w i t h  but  one i n t e r r u p t i o n .  A t  

254 hours i n t o  t h e  t es t  t h e  r o u t i n e  c a l i b r a t i o n  of a speed measuring i n a d v e r t e n t l y  

t r i g g e r e d  t h e  overspeed t r i p ,  s t o p p i n g  t h e  t u r b i n e .  No d e t e r i o r a t i o n  of t h e  
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bea r ings  or seals occur red  du r ing  t h e  2000 hours  of t e s t i n g .  V i s u a l  inspec-  

t i o n  a f t e r  t h e  test r evea led  no ev idence  of damage a f f e c t i n g  t h e  r e l i a b i l i t y  

of t h e  t u r b i n e .  

The a l l -welded  method of assembling t h e  t u r b i n e  from i ts  components arid 

of i n s t a l l i n g  t h e  t u r b i n e  i n  t h e  f a c i l i t y  proved h igh ly  r e l i a b l e  and r e s i s t a n t  

t o  potassium vapor leakage.  

Columbium-base a l l o y s  were not  used f o r  t u r b i n e  b l ades  s i n c e  i t  had been 

ear l ie r  determined t h a t  t h e s e  a l l o y s  were contaminated and s u r f a c e  e m b r i t t l e d  

by oxygen and n i t r o g e n  when exposed i n  t h e  t u r b i n e  f a c i l i t y  even when the 

oxygen con ten t  i n  l i q u i d  potassium i n  t h e  condenser w a s  as low as 10 ppm. 

Low oxygen c o n t e n t  i n  t h e  potassium may l o g i c a l l y  appear  no t  to  be a 

p o t e n t i a l  sou rce  of contaminat ion;  however, t h e  large amount of  potassium i n  

t h e  f a c i l i t y  (3000 l b s ) ,  t h e  h igh  r e c i r c u l a t i o n  rate of t h e  potassium (7200 

l b s / h r ) ,  and the f a c t  t h a t  t h e  h igh ly  g e t t e r i n g  columbium base a l l o y s  r e p r e s e n t  

on ly  a s m a l l  s u r f a c e  area competing f o r  t h e  a v a i l a b l e  oxygen supply,  a l l  tend 

t o  suppor t  t h e  l i k e l i h o o d  of  columbium a l l o y  contaminat ion i n  a s t a i n l e s s  s t e e l  

system. If t h e  system had been completely composed of  columbium base  a l l o y s  

i n  a proper  vacuum environment,  t h e  large g e t t e r i n g  area of t h e  f a c i l i t y  

r e l a t i v e  t o  t h e  a v a i l a b l e  oxygen supply  would most l i k e l y  no t  r e s u l t  i n  any 

s i g n i f i c a n t  contaminat ion of t h e  columbium a l l o y s .  

While the molybdenum-base a l l o y s  were i n s i g n i f i c a n t l y  a f f e c t e d  by con- 

tamina t ion  i n  t h e  f a c i l i t y ,  t h e  columbium a l l o y s  were e x c e l l e n t  i n d i c a t o r s  

:'" 

P.' 
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of such  Contamination because of t h e i r  g e t t e r i n g  a b i l i t y .  Re f rac to ry -a l loy  

contamination specimens of columbium a l l o y s  (and of  molybdenum a l l o y s )  were 

p laced  i n  t h e  potassium-vapor stream forward of and a f t  of t h e  t u r b i n e .  I n  

gene ra l ,  contaminat ion  of t h e s e  specimens was g r e a t e r  ahead of t h e  t u r b i n e  

and less behind t h e  tu rb ine ;  weight l o s s e s  of specimens were g r e a t e r  behind 

t h e  t u r b i n e  where t h e  q u a l i t y  w a s  less and where t h e  s u r f a c e  contaminat ion  

may have been cor roded  away by larger  q u a n t i t i e s  of l i q u i d .  

Analys is  of t h e  above r e f r a c t o r y  a l l o y  contaminat ion  specimens a l s o  

served  t o  i n d i c a t e  t h e  r e l a t i v e  c l e a n l i n e s s  of t h e  s y s t e m .  Weight loss and 

contamination impur i ty  l e v e l s  i n  those  specimens i n d i c a t e d  t h e  i n i t i a l  s t a r t u p  

pe r iod  of t u r b i n e  ope ra t ion ,  i n c l u d i n g  t h e  f i r s t  254 hours of t e s t i n g ,  provided 

a n  environment cons ide rab ly  less c l e a n  than  t h e  remaining 1746 hours of t e s t i n g .  

Highly l o c a l i z e d  r o t o r - b l a d e  c o r r o s i o n  w a s  observed a t  t h e  concave l e a d i n g  

edge and a t  t h e  convex t r a i l i n g  edge. This  co r ros ion  appeared t o  be t h e  r e s u l t  

of l i q u i d  metal accumulating on t h e  s u r f a c e  of t h e  a i r f o i l s  i n  a r e a s  of flow 

s e p a r a t i o n  or l o c a l  t u rbu lence .  I ts  depth  was less than  3-4 m i l s  i n  t h e  worst  

i n s t a n c e s  and w a s  no t  cons ide red  d e t r i m e n t a l  t o  f u r t h e r  t u r b i n e  o p e r a t i o n .  I t  

w a s  be l i eved  t h a t  t h i s  c o r r o s i o n  occurred  i n  t h e  very e a r l y  stages of t u r b i n e  

o p e r a t i o n  as t h e  k e s u l t  of s u r f a c e  contamination on t h e  walls of t h e  f a c i l i t y  

and t u r b i n e  hardware which could  no t  be f l u s h e d  wi th  potassium (and thereby  

c leaned)  p r i o r  t o  t u r b i n e  o p e r a t i o n .  This  hypothes is  i s  suppor ted  by two 

obse rva t ions .  F i r s t ,  t h e  potassium i n  t h e  condenser remained a t  5-12 ppm 

oxygen dur ing  t h e  2000-hour test  except  for a n  i n i t i a l  h igh  oxygen a n a l y s i s  
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of  69 ppm noted a f t e r  t w o  hours of potassium vapor t e s t i n g .  Second, t h e  

contamination of t h e  r e f r a c t o r y  a l l o y  i n s e r t s  was much more severe i n  t h e  

f i r s t  254 hours of  tes t  as  compared t o  t h e  remaining 1746 hours of test .  

The b l ades  and o t h e r  o p e r a t i n g  hardware showed no ev idence  of mechanical 

damage by impact e r o s i o n .  The on ly  observed ev idences  of impact e r o s i o n  

occur red  on t h e  s t a t i o n a r y  e r o s i o n  i n s e r t s  of U-700 a l l o y  i n s t a l l e d  i m m e -  

d i a t e l y  behind t h e  t i p s  of t h e  second-stage b l ades .  A small c l u s t e r  of ho le s  

about  2 - 3  m i l s  i n  d iameter  and 7-10 m i l s  deep was noted a t  a l o c a t i o n  where 

impacting d r o p l e t s  were l i k e l y  t o  s t r i k e .  Small c racks  a long  t h e  s u r f a c e  of 

t h e s e  ho le s  i n d i c a t e d  t h e  mechanical n a t u r e  of t h i s  e r o s i o n .  Re f rac to ry  

molybdenum-base a l l o y s  of TZM and TZC were n o t  t hus  a f f e c t e d .  

Minor i n s t a n c e s  of metal t r a n s f e r  were noted .  A metal f i l m  on t h e  f r o n t  

f a c e  of t he  f i r s t - s t a g e  t u r b i n e  wheel was 2 m i l s  t h i c k  a t  t h e  hub and less 

than 1 m i l  t h i c k  a t  t h e  r i m .  Other s u r f a c e  e f f e c t s  were noted on t u r b i n e  

b l ades  where a 0 . 5 - m i l  metal f i l m  formed on t h e  f i r s t - s t a g e  b l ades  and a 

0.2-mil f i l m  formed on t h e  second-stage b l a d e s .  

A f t e r  t h e  2000-hour test ,  some sigma phase was noted  i n  h igh ly  stressed 

a r e a s  of t h e  f i r s t - s t a g e - b l a d e  d o v e t a i l s  where t h e  temperature was s u f f i c i e n t l y  

h igh  f o r  i t  t o  form. The U - 7 0 0  b lade  materials e x h i b i t e d  s i g n i f i c a n t  dec reases  

i n  room temperature d u c t i l i t y  a f t e r  t u r b i n e  test but  r e t a i n e d  adeqoate d u c t i l i t y  

f o r  f u r t h e r  t e s t i n g .  The TZC t e n s i l e  ba r s  exposed t o  t u r b i n e  exhaus t  c o n d i t i o n s  

l i k e w i s e  r evea led  a dec rease  i n  low temperature d u c t i l i t y ;  t h e  h igh  tempera ture  

d u c t i l i t y  of such test specimens s t i l l  remained adequate  f o r  a d d i t i o n a l  t es t  

o p e r a t i o n .  
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While many minor e f f e c t s  were noted  i n  t h e  behavior  o f  materials d u r i n g  

t h e  2000-hour test, none of them were of s u f f i c i e n t  s i g n i f i c a n c e  t o  cause 

concern f o r  t h e  s a f e t y  o r  r e l i a b l e  o p e r a t i o n  of t h e  t u r b i n e  for a n  a d d i t i o n a l  

3000 hours.  

From t u r b i n e  performance d a t a  o b t a i n e d  w i t h  a d i g i t a l  d a t a  a c q u i s i t i o n  

s y s t e m  a t  four-hour i n t e r v a l s ,  no d e t e r i o r a t i o n  of performance w a s  observed. 

Th i s  i s  as is t o  be expec ted  s i n c e  no s i g n i f i c a n t  damage was done t o  t h e  

t u r b i n e  b lad ing ,  bea r ings  or seals.  

In  v iew of t h e  l a c k  of any s i g n i f i c a n t  d e t e r i o r a t i o n  of t h e  t u r b i n e  due 

t o  the  exposure t o  potassium vapor f o r  2000 hours, i t  w a s  decided t o  endurance. 

test the  two-stage t u r b i n e  f o r  a n  a d d i t i o n a l  3000 hours .  The o b j e c t i v e s  of 

t h i s  test were t o  a s c e r t a i n  what changes, i f  any, t h e  r o t o r  b lades ,  e r o s i o n  

i n s e r t s ,  t h e  t u r b i n e  i n  gene ra l ,  and t h e  t u r b i n e  performance would undergo i n  

3000 a d d i t i o n a l  hours .  

In  t h i s  r e p o r t  t h e  test p r e p a r a t i o n s  undergone by t h e  two-stage t u r b i n e  

and t h e  3000 KWt t u r b i n e  test f a c i l i t y  are d i scussed .  The m e t a l l u r g i c a l  

specimens and performance in s t rumen ta t ion  used are desc r ibed .  

even t s  i n  a l l  a s p e c t s  of test are d e l i n e a t e d .  F i n a l l y ,  t h e  test  r e s u l t s  of 

a mechanical, m e t a l l u r g i c a l  and performance n a t u r e  are f u l l y  d i scussed .  

\The impor tan t  
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111 .  TEST PREPARATIONS 

A .  TEST ASSEMBLY 

A d e t a i l e d  d e s c r i p t i o n  of t h e  i n d i v i d u a l  t u r b i n e  p a r t s ,  their f u n c t i o n s  

and t h e  des ign  c o n s i d e r a t i o n s  of each  is  given i n  Reference 2. The major 

assembly drawing of t h e  t u r b i n e  is shown i n  F igure  1, and a n  exploded view of 

i t s  i n d i v i d u a l  p a r t s  is shown i n  F igure  2. F igure  3 shows t h e  o v e r a l l  a r range-  

ment drawing of t h e  t u r b i n e  and its load  t r a i n ,  t h e  l a t te r  comprising a water 

brake and steam t u r b i n e  i n  tandem supported by two r e s p e c t i v e  s t r a i n - g a g e  

torque meters. The m a j o r i t y  of components used i n  t h e  build-up for t h e  3000- 

hour tes t  were t h e  same a s  those  employed i n  t h e  previous 2000-hour test, wi th  

t h e  r e s u l t  t h a t  many of t h e  t u r b i n e  p a r t s  presented  h e r e i n  show t h e  e f f e c t s  of 

-1 
il 

t e s t i n g  for a t o t a l  of  5000 hours  i n  potassium vapor. Table  I shows a l i s t  OP 

t h e  components used i n  t h e  build-up, and t h e i r  s t a t u s  regard ing  previous usage.  

1- 

1. Design Modif ica t ions  

P r i o r  t o  assembling t h e  t u r b i n e  f o r  running, a number of minor des ign  

modi f ica t ions  were made t o  improve i ts  o v e r a l l  r e l i a b i l i t y ,  as a r e s u l t  of  

experience gained i n  t h e  previous 2000-hour tes t  (2) as fo l ldws:  

a .  Modif ica t ion  o f  Ins t rumenta t ion  

The t u r b i n e  i n s t r u m e n t a t i o n  for t h e  3000-hour endurance tes t  

is as shown i n  F igure  4 and as described i n  detai l  i n  Table  11 .  

Most of t h e  i n s t r u m e n t a t i o n  w a s  t h e  same as i t  was €or t h e  2000-hour 

endurance test d e s c r i b e d  i n  Reference 1 .  One of  t h e  changes was t h e  a d d i t i o n  t 

a 
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of an  e f f l u x  s y s t e m  d i f f e r e n t i a l  p r e s s u r e  s e n s o r  i n  t h e  b u l l e t  nose t o  permi t  

a vapor flow rate measurement i n  a d d i t i o n  t o  t h a t  of t h e  e l ec t romagne t i c  

flowmeter. An e f f l u x  s y s t e m  s t a g n a t i o n  tube  was a l s o  provided a t  s t a t i o n  7 

t o  measure e x i t  t o t a l  p r e s s u r e .  These e f f l u x  system measurements were made 

only a t  c e r t a i n  t i m e s ,  u s u a l l y  once each day. Another i n s t rumen ta t ion  modi- 

f i c a t i o n  was t h e  change of t h r e e  thermocouples, one each  a t  s t a t i o n s  1, 7 and 

8, from chromel-alumel t o  platinum-platinum 10 pe rcen t  rhodium. I t  was b e l i e v e d  

t h a t  t h e  platinum thermocouples would be less l i k e l y  t o  d r i f t  over  a 3000-hour 

pe r iod .  

Before i n s t a l l i n g  i t  f o r  test, a l l  t u r b i n e  p r e s s u r e  measurement tub ing  

and thermocouple wells and thermocouples were r ep laced  t o  o b t a i n  maximum 

i n i t i a l  mechanical i n t e g r i t y .  A l l  o t h e r  i n s t rumen ta t ion  remained t h e  same. 

b.  Exclus ion  of O i l  From Outer D i a m e t e r  of P ivo ted  Pad Bearing 

Upon disassembly of t h e  t u r b i n e  fo l lowing  t h e  2000-hour test, 

i t  w a s  d i scovered  t h a t  t h e  clearance space  between t h e  

socke t  r i n g  and the bea r ing  housing i n t o  which i t  f i t s  

bonized m a t e r i a l ,  r e s u l t i n g  from o i l  which had e n t e r e d  

then been "coked" from t h e  hea.t of t h e  bea r ing  housing 

pad bea r ing  o u t e r  

was f i l l e d  wi th  a c a r -  

t h e  c a v i t y  and had 

i n  t h a t  r eg ion .  F igure  

5 shows t h e  mod i f i ca t ion  which w a s  subsequent ly  made t o  prevent  o i l  from 

e n t e r i n g  t h i s  c a v i t y .  I t  involves  s e a l i n g  of t h e  c a v i t y  wi th  O-ring seals 

and purging i t  wi th  p r e s s u r i z e d  argon, thereby  p reven t ing  t h e  e n t e r i n g  of any 

o i l  and/or purg ing  i t  from t h e  reg ion ,  should  i t  e n t e r .  
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c.  I n c r e a s e  of Flow A r e a  i n  Turbine Exhaust Region 

To i n c r e a s e  t h e  flow area i n  t h e  exhaus t  reg ion  of t h e  t u r b i n e  

and prevent  premature choking, e i g h t e e n  of t h e  twenty-six vanes i n  t h e  o u t l e t  

guide vane assembly were removed by c u t t i n g  and gr inding ,  r e s u l t i n g  i n  a n  

increase of t h e  flow area of 8.05 percent .  4 
I 
t 

d. Redesign of t h e  Copper Labyr in th  S e a l s  on t h e  Bearing Housing 

1 Because of t h e  d i f f i c u l t i e s  of  o b t a i n i n g  a r e l i a b l e  p l a t i n g  

of copper on t h e  o u t e r  l a b y r i n t h  seals  o f  t h e  forward reg ion  of t h e  b e a r i n g  

housing (due t o  i t s  geometry), t h e  procedure of p l a t i n g  d i r e c t l y  on t h e  

bear ing  housing w a s  rep laced  by t h a t  of i n s e r t i n g ,  and seal-welding i n  p lace ,  

a prepared r i n g  a l r e a d y  c o n t a i n i n g  t h e  necessary  copper s u r f a c e .  This  change 

was one of  improved f a b r i c a t i o n  but  no change i n  b a s i c  t u r b i n e  des ign .  

i 
1 
1 

e.  A d d i t i o x o f  a Disk Brake to  Turbine Rotor 

The d i s k  brake was added t o  t h e  t u r b i n e  as  a n  a d d i t i o n a l  s a f e t y  

'1 H 
P 

device  to minimize t h e  p o s s i b i l i t y  of a c c i d e n t a l  overspeed dur ing  t h e  3000-hour 

t es t .  In  t h e  u n l i k e l y  event  of  water supply f a i l u r e  t o  t h e  water brake, t h e  

d i s k  brake would be a u t o m a t i c a l l y  a c t u a t e d  t o  s t o p  t h e  t u r b i n e .  The d i s k  brake 

b a s i c  c o n f i g u r a t i o n  i s  shown i n  F igure  6. I t  c o n s i s t s  of a 7.7-inch diameter  

d i s k ,  made of U - 7 0 0 ,  and mounted on t h e  s p l i n e d  coupl ing  a t  t h e  a f t  end of t h e  

t u r b i n e  r o t o r .  I t  can be  seen  t h a t  t h e  d i s k  has  a widened hub s e c t i o n ,  made 

necessary by its stress d i s t r i b u t i o n  a t  25,000 rpm. Torque is  d e l i v e r e d  to  t h e  

r o t o r  by two i n t e g r a l  l u g s  a t  t h e  d i s k  hub which f i t  i n t o  c l o s e l y  mating s l o t s  

on t h e  coupl ing.  The braking  load  is  s imul taneous ly  a p p l i e d  t o  both  s i d e s  of 
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t h e  d i s k  by a p a i r  of 1 1/2-inch 

impregnated w i t h  metal p a r t i c l e s  

no n e t  t h r u s t  l oad  is  a p p l i e d  to  

b i l i t y ,  two p a i r s  of l oade r  puck 

d iameter  l o a d e r  pucks, of a n  o r g a n i c  r e s i n  

(des igna ted  as Goodyear BL56 Compound), and 

t h e  d i s k .  To i n c r e a s e  wear l i f e  and r e l i a -  

assembl ies  were used. 

2 .  S t a t o r  Assembly 

On t h e  t u r b i n e  s t a t i o n a r y  p a r t s ,  a l l  components from t h e  2000-hour 

tes t  were reused  wi th  t h e  excep t ion  of t h e  nozz le  diaphragms. These were 

rep laced  because of  damage and wear which had occurred  p r i o r  t o  t h e  2000-hour 

endurance t e s t i n g .  In  p repa r ing  t h e  t u r b i n e  components for r euse ,  rework was 

performed t o  r e s i z e  a l l  c r i t i c a l  r abbe t ing  d iameters  on the  i n l e t  duc t ,  c a s i n g s ,  

and t h e  exhaus t  s c r o l l ,  s i n c e  a l l  of them had undergone some thermal d i s t o r t i o n  

du r ing  t h e  prev ious  high-temperature t e s t i n g .  Rabbet s u r f a c e s  were rep laced  b y  

p r e s s - f i t t i n g  and tack-wclding r i n g s  on to  e x i s t i n g  r abbe t s  and then  remachining 

them. F igures  7 through 13 show the  i n l e t  duc t ,  ca s ings ,  honeycomb t i p  s e a l s ,  

nozz le  diaphragms, and exhaus t  s c r o l l  p r i o r  t o  subassembly of t h e  p a r t s  f o r  t h e  

3000-hour t e s t .  F igu re  10 is  a photograph of t h e  reworked o u t l e t  guide vane 

assembly fo l lowing  removal of t h e  e i g h t e e n  s t r u t s ,  as p rev ious ly  d i scussed .  

F igure  14 shows t h e  i n l e t  duc t  subassembly wi th  t h e  f i r s t  s t a g e  nozz le  

diaphragm and honeycomb t i p  seal i n s t a l l e d .  F igu re  15 shows t h e  t o p  and 

bottom ha lves  of t h e  t u r b i n e  c a s i n g  subassembly, comprising t h e  cas ings ,  second 

s t a g e  nozz le  diaphragms, honeycomb t i p  seals, and o u t l e t  guide vane assembly. 

F igu re  16 shows a v i e w  i n t o  t h e  a f t  end of t h e  clamped-together c a s i n g s ,  which 

shows the  i n s t a l l a t i o n  of  t h e  twelve e r o s i o n  i n s e r t s  of va r ious  materials 
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downstream of  t h e  second s t a g e  nozz le  diaphragm ( a l s o  shown i n  t h e  drawing of 

F igure  1). 

The b e a r i n g  housing is shown i n  F igu re  17 .  In  t h i s  photograph, t h e  

hydrodynamic seal has been welded t o  t h e  forward end, and t h e  expansion 

h e a t  s h i e l d  has  been i n s t a l l e d .  The h e a t  s h i e l d  covers  t h e  many flow tubes  

ex tending  t o  and from t h e  bea r ing  and seal r eg ion  and p r o t e c t s  them from t h e  

h e a t  of condensing potassium vapor du r ing  o p e r a t i o n  (see Figure  1 ) .  The 

i n t e r n a l  components of t h e  bea r ing  housing assembly i n  t h e  forward (p ivo ted  

pad) bea r ing  r eg ion  are shown i n  t h e  exploded view of F igure  18, and t h e  a f t  

t h r u s t  bea r ing  subassembly which i s  a t t a c h e d  t o  t h e  rear of t h e  bea r ing  housing 

i s  shown i n  F igu re  19. 

3. Rotor Assembly 

On t h e  t u r b i k e  r o t o r  ( a s  i n d i c a t e d  i n  Table 

used because of material l i f e  l i m i t a t i o n  on the  f i r s t  

of t h e  b lades  on both s t a g e s  were rep laced  t o  suppor t  

I)  new t u r b i n e  wheels wece 

s t a g e  wheel. Also, some 

t h e  m e t a l l u r g i c a l  inves-  

t i g a t i o n  d i scussed  i n  S e c t i o n  V.B. of t h i s  r e p o r t .  A l l  o t h e r  r o t o r  components 

were t h e  same as  those  used i n  t h e  2000-hour test. F igu re  20 shows t h e  assembled 

t u r b i n e  r o t o r ,  i n c l u d i n g  t h e  d i s k  brake  on t h e  a f t  end of t h e  s h a f t .  

4. F i n a l  Assembly and Turbine Ins  t a l l a t i o n  

The i n i t i a l  s t e p  i n  t h e  f i n a l  assembly c o n s i s t e d  of i n s e r t i n g  t h e  

bea r ing  housing i n t o  t h e  s c r o l l  c e n t r a l  bore and welding t h e  a f t  c o n i c a l  f l a n g e  

(F igu re  1). The s h a f t  w a s  then  i n s e r t e d  from t h e  forward end, p ro t rud ing  

through t h e  a f t  end of t h e  bea r ing  housing as shown i n  F igure  21. The i n d i v i d u a l  
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1, 

components shown i n  F i g u r e  18 were t h e n  i n s e r t e d ,  and t h e  i n t e r n a l  instrumenta-  

t i o n  t o  monitor t u r b i n e  v i b r a t i o n s ,  s h a f t  o r b i t a l  motion, b e a r i n g  temperatures ,  

and p r e s s u r e s  was i n s t a l l e d  (accord ing  t o  t h e  i n s t r u m e n t a t i o n  drawing of  F igure  

4 ) .  The b a l l - b e a r i n g  housing assembly (Figure 19) was t h e n  mounted. 

The assembly o f  t h e  t u r b i n e  c a s i n g s  and rotor wheels were then  performed 

as shown i n  F igure  22. The r o t o r - t o - s t a t o r  c l e a r a n c e s  which had p r e v i o u s l y  

been c a l c u l a t e d  and p r e d i c t e d  from i n d i v i d u a l  p a r t s  dimensions and s tack-up 

were v e r i f i e d  by a c t u a l  measurements a t  t h i s  p o i n t  i n  assembly. The p r e d i c t e d  

c l e a r a n c e s  between r o t o r  and s t a t o r  (obta ined  from i n d i v i d u a l  p a r t s  measurement) 

are  t a b u l a t e d  i n  F igure  2 3 .  The welding of t h e  c a s i n g  f l a n g e s  was done i n  t h e  

sequence and manner d i s c u s s e d  i n  Reference 2.  

F igure  24 shows t h e  complete t u r b i n e  mounted i n  t h e  test f a c i l i t y  w i t h  

F i g u r e  25 is  a n  a f t  view a l l  f l a n g e s  welded and 2 n s t r u m e n t a t i o n  hooked-up. 

p r i o r  t o  mounting of t h e  s h a f t  rear p a r t s ,  and Figure  26 shows t h e  r e g i o n  

fo l lowing  t h e  a d d i t i o n  of t h e  glove box d ished  head and t h e  t u r b i n e  coupl ing  

and d i s k  brake.  F igure  27 is a n  a f t  q u a r t e r  view of t h e  i n s t a l l e d  t u r b i n e  

i n c l u d i n g  i ts  power t r a i n  (F igure  3) and prepared for running. F igure  28 is 

a forward q u a r t e r  view of t h e  same i n s t a l l a t i o n .  

B . METALLURGICAL SPECIMENS 

While a l l  of t h e  t u r b i n e  components were p o t e n t i a l l y  m e t a l l u r g i c a l  s p e c i -  

mens a v a i l a b l e  f o r  p o s t - t e s t  e v a l u a t i o n ,  c e r t a i n  components and added t e s t  

specimens were o f  p a r t i c u l a r  no te .  These inc luded  (1) t u r b i n e  b lades  i n  t h e  

f i r s t  and second s t a g e s ,  (2 )  s t a t i o n a r y  e r o s i o n  inser ts  i n s t a l l e d  immediately 
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behind t h e  second-stage b lade  t i p s ,  ( 3 )  r e f r a c t o r y  a l l o y  r i n g  specimens 

i n s t a l l e d  i n  t h e  vapor stream ahead o f ,  and behind, t h e  tu rb ine ,  and (4 )  

t e n s i l e  tes t  specimens i n s t a l l e d  i n  a similar manner ahead o f ,  and behind, 

t h e  t u r b i n e .  

1. Turbine  Rotor Blades 

The r o t o r  b l ades  of t h e  two-stage t u r b i n e  are f a s t e n e d  t o  t h e  d i s k s  

i n  each s t a g e  by d o v e t a i l  connec t ions ,  making i t  p o s s i b l e  t o  expose b l ades  of 

s e v e r a l  n i te r ia l s  t o  t h e  same environment for t h e  d u r a t i o n  of a n  endurance test. 

For t h e  3000-hour test, 54 of t h e  62 U-700 a l l o y  f i r s t - s t a g e  b lades ,  45 of t h e  

52 U-700 a l l o y  second-stage b lades ,  two of t h e  f o u r  TZM a l l o y  b l ades  and t h e  

fou r  TZC a l l o y  b l ades  used i n  t h e  2000-hour t es t  were i n s t a l l e d .  

U-700 b lades  - Seven new b lades  were i n s t a l l e d  a t  t h e  s t a r t  of t h e  

30QO-hour test , 

U-700 b lades  - F o r t y - f i v e  b lades  which were used i n  t h e  prev ious  

2000-hour test  were cont inued  on test f o r  5,000 

hours t o t a l .  

TZM b lades  - Two of t h e  f o u r  b lades  from t h e  2000-hour test were 

rep laced  by new b lades  a t  t h e  s t a r t  of t h e  3000-hour 

t e s t .  

TZRl b l ades  - Two blades  which were used i n  t h e  prev ious  2000-hour 

test were cont inued  on test f o r  5000 t o t a l  hours .  

2.  Eros ion  I n s e r t s  

Eros ion  i n s e r t s  of t h e  type shown i n  F igu re  29 were i n s t a l l e d  i m m e -  

d i a t e l y  behind t h e  second-s tage  b lades ;  they  were a t t a c h e d  t o  t h e  t u r b i n e  
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shroud r i n g  i n  such  a manner t h a t  l i q u i d  d r o p l e t s ,  l e a v i n g  t h e  t r a i l i n g  edge 

b lade  t i p s ,  impacted upon t h e  i n s e r t s  a t  a v e l o c i t y  of about  770 f t . / s e c . .  

The fo l lowing  materials were thus  t e s t e d  i n  t h e  3000-hour test:  F 
t 
a 
\ 

U-700 - 

U-700 - 

TZM & - 
TZC 

AS-30 - 

Two specimens from t h e  2000-hour t es t  were exposed f o r  a n  

a d d i t i o n a l  3000 hours f o r  a t o t a l  of 5000 hours of e r o s i o n  

t e s t i n g  . 
Three new e r o s i o n  i n s e r t s  were t e s t e d  f o r  3000 hours .  

Two each  stress relievedTZM and TZC specimens from the  

2000-hour test were exposed f o r  an  a d d i t i o n a l  3000 hours 

f o r  a t o t a l  of 5000 hours of e r o s i o n  t e s t i n g .  

Three new stress r e l i e v e d  specimens of t h i s  columbium-base 

a l l o y  were i n s t a l l e d  f o r  t h e  3000-hour tes t .  

1 

3 .  Ref rac to ry  Alloy Ring Specimens 

For purposes of determining t h e  e f f e c t  of t h e  potassium vapor en- 

vironment on t h e  contamination of r e f r a c t o r y  a l l o y s  du r ing  t h e  tes t ,  one 

s t a i n l e s s  s teel  probe con ta in ing  s i x  r e f r a c t o r y  a l l o y  r i n g  specimens, 1/2- 

i n c h  OD x 1/4-inch I D  x 3/8-inch high, w a s  i n s t a l l e d  i n  t h e  potassium vapor 

upstream of t h e  tu rb ine ,  and ano the r  was i n s t a l l e d  s i m i l a r l y ,  downstream of 

t h e  t u r b i n e .  Each probe con ta ined  two each TZC and TZM molybdenum a l l o y  r i n g  

specimens and two each F48 columbium a l l o y  r i n g  specimens and t h e  probes are  

shown i n  F igure  30. 

4.  T e n s i l e  T e s t  Specimens 

For t h e  purpose of de te rmining  t h e  e f f e c t s  of  t h e  environment on 

t h e  p r o p e r t i e s  of t h e  TZM and TZC a l l o y s ,  f o u r  1 l /2 - inch  long t e n s i l e  specimens 
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of  each a l l o y  were i n s t a l l e d  i n  t h e  vapor stream i n  p e r f o r a t e d  s t a i n l e s s  steel 

c y l i n d r i c a l  cages. The TZM specimens were i n s t a l l e d  ahead of t h e  t u r b i n e ,  and 

t h e  TZC specimens were i n s t a l l e d  downstream of  t h e  t u r b i n e .  A f t e r  completion 

of t h e  3000-hour t u r b i n e  test ,  t e n s i l e  tests were performed on t h e s e  a t  room 

temperature  and a t  e l e v a t e d  temperatures  f o r  comparison w i t h  s i m i l a r  test 

d a t a  p r i o r  to  t u r b i n e  t e s t i n g .  

C . INSTRUMEXTATION AND CALIBRATION 

Shown i n  F igure  4 is  a drawing which i n d i c a t e s  t h e  l o c a t i o n  of  i n s t r u -  

inentat ion used to  monitor t u r b i n e  performance dur ing  t h e  3000-hour endurance 

tes t .  The i n s t r u m e n t a t i o n  is a l so  l i s t e d  i n  Tables  I1 and 111. 

a 
. J  

I n  pre l iminary  t e s t i n g  i n  1964 and e a r l y  1965 i t  w a s  found t h a t  f l e x i b l e  

connect ions between t h e  tes t  f a c i l i t y  and t h e  water brake and/or t h e  steam 

t u r b i n e  could  cause erPatic torque readings .  These errors were v i r t u a l l y  

e l i m i n a t e d  b y  c a r e f u l  a l ignment  of t h e  f l e x i b l e  connec t ions .  Therefore ,  a 

r o t a t i n g  torque  meter c a l i b r a t i o n  w a s  performed p r i o r  t o  endurance t e s t i n g  

t o  a s s u r e  t h a t  t h e  f l e x i b l e  connect ions were p r o p e r l y  a l i g n e d .  

D .  FACILITY PREPARATION 

Before s t a r t i n g  t h e  3000-hour potassium t u r b i n e  endurance test, a number 

o f  modi f ica t ions  were made t o  t h e  f a c i l i t y .  These m o d i f i c a t i o n s  were made to 

improve t h e  r e l i a b i l i t y  of t h e  f a c i l i t y  as  w e l l  as t o  s i m p l i f y  c o n t r o l  of t h e  

Y 

f a c i l i t y  by i n c r e a s e d  automation.  
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Greater r e l i a b i l i t y  was achieved  by i n s t a l l i n g  redundant systems and/or 

components, and by r e p l a c i n g  what was cons ide red  t o  be u n r e l i a b l e .  For example, 

a secondary lube  pump was i n s t a l l e d  f o r  t h e  water brake  and steam t u r b i n e .  The 

c o n t r o l  c i r c u i t  f o r  t h i s  pump was designed so t h a t  t h e  pump would a u t o m a t i c a l l y  

s t a r t  i f  t h e  d i scha rge  p r e s s u r e  from t h e  primary lube  pump f o r  t h e  steam t u r b i n e  

and water brake  dropped too  low. P a r a l l e l  o i l  f i l t e r s  and a p p r o p r i a t e  va lv ing  

were i n s t a l l e d  i n  t h e  water brake  and steam t u r b i n e  lube  o i l  s y s t e m .  Th i s  

permi t ted  t h e  i s o l a t i o n  and c l ean ing  of a d i r t y  o i l  f i l t e r  without d i s t u r b i n g  

t h e  o i l  flow rate  t o  t h e  water brake and steam t u r b i n e .  Add i t iona l  micro a i r  

f i l t e r s  were i n s t a l l e d  i n  t h e  a i r  supply l i n e  t o  c r i t i c a l  pneumatic c o n t r o l l e r s  

and in s t rumen ta t ion .  Th i s  i n su red  a continuous supply of c l e a n  ins t rument  a i l .  

t o  t h e s e  components. A s tandby t ransformer  was i n s t a l l e d  i n  t h e  main EM pump 

e l e c t r i c a l  c o n t r o l  c i r c u i t .  T h i s  provided a n  a u x i l i a r y  sou rce  of power t o  

keep t h e  EM pump i n  o p e r a t i o n  i n  t h e  even t  of f a i l u r e  of t he  primary power 

c i r c u i t .  (The primary c i r c u i t  d i d  f a i l  dur ing  t h e  3000-hour endurance t e s t .  

, 

The standby t ransformer  maintained t h e  f a c i l i t y  i n  o p e r a t i o n  whi le  r e p a i r s  

were being made.) A l a r g e r  s i z e ,  b e t t e r  pos i t i oned ,  overflow d r a i n  between 

t h e  s l i n g e r  seal loop head tank  and dump tank  was i n s t a l l e d ,  The overflow 

d r a i n  l i n e  a u t o m a t i c a l l y  maintained a c o n s t a n t  potassium l i q u i d  l e v e l  i n  t h e  

head tank as  long  as t h e  s l i n g e r  seal  loop accumulated potassium. (Accumula- 

t i o n  of potassium w a s  t h e  r e s u l t  of potassium vapor condensing i n  t h e  area of 

t h e  t u r b i n e  s l i n g e r  s e a l . )  Three co r ruga ted  m e t a l  hoses,  which p rev ious ly  con- 

t a i n e d  l i q u i d  potassium a t  p res su re  and tempera ture  up  t o  120 p s i g  and 8 5 0 ' F ,  

r e s p e c t i v e l y ,  were rep laced  by r i g i d  p ipe .  F l e x i b i l i t y  of t h e  l i q u i d  metal l o o p  

was maintained by a p p r o p r i a t e  expansion bends. 
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The fo l lowing  au tomat i c  f e a t u r e s  were inco rpora t ed  i n t o  t h e  f a c i l i t y  t o  

s i m p l i f y  i ts  c o n t r o l  and t o  reduce r e q u i r e d  o p e r a t i n g  manpower. An au tomat i c  

c o n t r o l l e r  was i n s t a l l e d  t o  sense  and ma in ta in  t h e  b o i l e r  d i scha rge  tempera- 

t u r e  a t  t h e  r e q u i r e d  1500'F. The r e q u i r e d  temperature w a s  g e n e r a l l y  h e l d  

wi th in  + 5'F. Automatic c o n t r o l l e r s  wei'e i n s t a l l e d  t o  main ta in  c o n s t a n t  l ube  

o i l  flow t o  t h e  pad bea r ing  and b a l l  bea r ing  r e g a r d l e s s  of t u r b i n e  speed, l u b e  

- 

o i l  temperature,  or lube  o i l  supply p r e s s u r e .  An au tomat i c  c o n t r o l l e r  was 

i n s t a l l e d  t o  main ta in  c o n s t a n t  a rgon  p r e s s u r e  a t  t h e  i n l e t  t o  t h e  t u r b i n e  a rgon  

l a b y r i n t h  seal  r e g a r d l e s s  of t u r b i n e  speed, argon temperature,  or argon supply  

p r e s s u r e .  (During t h e  2000-hour endurance test, argon p r e s s u r e  and o i l  flow 

t o  t h e  bea r ing  r e q u i r e d  c o n s t a n t  a t t e n t i o n .  During t h e  3000-hour endurance 

tes t  t h e s e  parameters,  be ing  r e g u l a t e d  by au tomat ic  c o n t r o l l e r s ,  r e q u i r e d  on ly  

occas iona l  checking . )  A s y s t e m  was i n s t a l l e d  t o  a u t o m a t i c a l l y  main ta in  a con- 

s t a n t  p r e - s e t  pressure"at t h e  steam t u r b i n e  i n l e t .  A s  a r e s u l t ,  t h e  power 

produced by t h e  steam t u r b i n e ,  under i d l i n g  c o n d i t i o n s ,  was c o n s t a n t .  The 

au tomat ic  c o n t r o l  s y s t e m  f o r  main ta in ing  condenser p r e s s u r e  was improved so 

t h a t  changes i n  ambient temperature would no t  n o t i c e a b l y  i n f l u e n c e  condenser 

p r e s s u r e  ( t u r b i n e  e x i t  p r e s s u r e ) .  

Seve ra l  a d d i t i o n s  were made to  t h e  f a c i l i t y  to  warn t h e  test personnel  

of impending danger or d e v i a t i o n  from t h e  r e q u i r e d  o p e r a t i n g  c o n d i t i o n s .  I t  

w a s  necessary  t o  main ta in  t h e  water temperature,  d i scha rg ing  from t h e  water 

brake,  above 185'F but  less than 195OF f o r  optimum water brake s t a b i l i t y .  An 

a u d i b l e  alarm w a s  i n s t a l l e d  t o  warn t h e  o p e r a t i n g  personnel  when t h e  water 

temperature d e v i a t e d  from t h e  above l i m i t s .  An a u d i b l e  alarm w a s  i n s t a l l e d  
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t o  sound i f  t h e  t u r b i n e  speed d e v i a t e d  from t h e  r e q u i r e d  set p o i n t  by as l i t t l e  

as + 100 rpm. An overspeed s a f e t y  system was i n s t a l l e d  which a u t o m a t i c a l l y  - 
f looded  t h e  water brake  when t h e  t u r b i n e  speed exceeded t h e  r e q u i r e d  s e t t i n g .  

Genera l ly  t h e  t r i p  p o i n t  was 2,000 t o  3,000 rpm h ighe r  than  t h e  set p o i n t .  

When t h e  t u r b i n e  speed decreased  below t h e  set p o i n t  t h e  water brake f l o o d i n g  

va lve  would c l o s e .  An argon purge s y s t e m  was i n s t a l l e d  t o  exc lude  lube  o i l  

from beneath t h e  t u r b i n e  pad bea r ing  r i n g  du r ing  t e s t i n g .  During t e s t i n g  t h e  

bea r ing  housing temperature i n  t h e  v i c i n i t y  of t h e  pad bea r ing  r e t a i n e r  r i n g  

w a s  i n  t h e  o r d e r  of 550*F. This  h igh  temperature caused t h e  o i l  i n  t h e  area 

t o  d e t e r i o r a t e  t o  a hard carbon d e p o s i t ,  thus  c l o s i n g  t h e  thermal expansion 

gap between t h e  bea r ing  housing and r e t a i n e r  r i n g .  Daring t h e  2000-hour tes t ,  

carbon d e p o s i t s  under t h e  bea r ing  r i n g  was a d i r e c t  cause of t h e  bea r ing  

s e i z u r e  on t u r b i n e  cool-down. There w a s  no i n d i c a t i o n  of  bea r ing  s e i z u r e  

dur ing  cool-down fo l lowing  t h e  completion of t h e  3000-hour endurance t e s t ,  

1 

and t h e r e  was no carbon d e p o s i t  found beneath t h e  pad bea r ing  r i n g  a f t e r  the  

3000-hour test  . 

A l l  c r i t i c a l  components of t h e  test f a c i l i t y  which might have s u f f e r e d  

damage du r ing  t h e  2000-hour endurance tes t  were i n s p e c t e d .  For example, t h e  

o u t s i d e  d iameter  of a l l  b o i l e r  tubes  were measured t o  o b t a i n  a n  i n d i c a t i o n  of 

loss  of tube  wall due t o  o x i d a t i o n .  Also s e v e r a l  of t h e  b o i l e r  tubes  were 

radiographed t o  d e t e c t  t h e  loss of tube  w a l l  due t o  combined o x i d a t i o n  and 

co r ros ion  by potassium. Ind iv idua l  tubes  were rad iographed  one f o o t  from t h e  

bottom, t h e  mid p o i n t  and one f o o t  from t h e  top .  An unused b o i l e r  tube w a s  

i n spec ted  i n  a s imi l a r  manner t o  serve as a "standard". Comparing t h e  b o i l e r  
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t ubes  wi th  t h e  "standard" i n d i c a t e d  a n e t  l o s s  of tube  w a l l  i n  t h e  o r d e r  of 

f i v e  m i l s .  I n  t h e  des ign  of  t h e  b o i l e r  60 m i l s  w a s  provided f o r  c o r r o s i o n  

and 60 m i l s  w a s  provided f o r  o x i d a t i o n  of t h e  tube  w a l l .  

Cr i t ica l  welded j o i n t s  i n  t h e  b o i l e r ,  condenser and loop  p i p i n g  were 

inspec ted  i n  va r ious  ways.  Some were radiographed and some were dye-penet ran t  

i n spec ted .  Damage t o  welded j o i n t s  w a s  no t  found any p l a c e  i n  t h e  f a c i l i t y .  -1 
1 

A l l  thermocouples on t h e  b o i l e r  tube  bundle were rep laced  s i n c e  t h e  s h e a t h  

of many of t h e s e  thermocouples w a s  e x c e s s i v e l y  ox id ized  a f t e r  completion of t h e  

2000-hour t e s t .  (Only 3 o u t  of 40 thermocouples a c t u a l l y  f a i l e d  du r ing  t h e  

2000-hour endurance t e s t . )  Immersion thermocouples a t  t h e  b o i l e r  d i scha rge ,  

-1 

1 t u r b i n e  i n l e t  and o u t l e t  were r ep laced .  A l l  thermocouples on t h e  condenser 
J 

tube bundle were a l s o  r ep laced .  

. 
Routine maintenance was performed on a l l  f a c i l i t y  equipment such  a s  motors, 

i blowers,  va lves ,  pneumatic a c t u a t o r s  and c o n t r o l l e r s ,  e tc .  A l l  i n s t r u m e n t a t i o n  

such a s  Taylor  Company p r e s s u r e  gauges, p r e s s u r e  t r ansduce r s ,  c r i t i ca l  theimo- 

.i 

b.J couples ,  e t c .  were c a l i b r a t e d .  

During shutdown a f t e r  completion of t h e  2000-hour test  t h e  e i g h t - i n c h  vapor 

va lve  d i d  n o t  c l o s e  as smoothly as it  should .  G a l l i n g  of t h e  lower s t e m  bea r ing  

was e v i d e n t .  During t h e  2000-hour test t h e  va lve  con ta ined  a S t e l l i t e - 1 2  bea r ing  

suppor t ing  t h e  va lve  s t e m  which was hard-faced w i t h  S t e l l i t e - 6 .  

b e a r i n g  was r ep laced  by a bea r ing  made of h igh  p u r i t y  aluminum oxide .  

p l e t i o n  of t h e  3000-hour test, va lve  a c t i o n  w a s  q u i t e  smooth.) 

The S t e l l i t e - 1 2  

(On com- 
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On A p r i l  5,  1966 the  tes t  t u r b i n e  was r e t u r n e d  t o  the test  ce l l  for  i n -  

s t a l l a t i o n  and f o r  cont inuance of t e s t i n g .  
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I 

I V .  TESTING 

A .  MECHANICAL CHECKOUT TEST 

Upon completion of t u r b i n e  i n s t a l l a t i o n  i n  t h e  test f a c i l i t y ,  t h e  t u r b i n e  

s t a r t i n g  and load ing  equipment was i n s t a l l e d  wi thout  t h e  Koppers Company 

coup l ing  between t h e  water brake and tes t  t u r b i n e .  During t h e  i n s t a l l a t i o n  

of t h e  water brake and steam t u r b i n e ,  great care w a s  t aken  t o  i n s u r e  t h a t  good 

alignment of t h e s e  components w i th  r e s p e c t  t o  each  o t h e r  was a s s u r e d .  For 

i example, necessary  measurements and ad jus tments  were made so t h a t  t h e  water 

brake and steam t u r b i n e  s h a f t s  were a l i g n e d  wi th in  1.0 m i l  w i th  r e s p e c t  t o  

each o t h e r .  

J 

Hose connec t ions  t o  the  water brake  and steam t u r b i n e  were rou ted  and ! 
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suppor ted  i n  a manner t o  minimize t o r s i o n a l  r e a c t i o n  a t  t h e  water brake and 

steam t u r b i n e  Byt rex  Cmpany to rque  meters. A l s o  t h e  water brake  and steam 

t u r b i n e  were weight counterba lanced  t o  e s s e n t i a l l y  e l i m i n a t e  a l l  bending moment 

o therwise  imposed on t h e  torque  meters. 

A f t e r  l ube  o i l ,  c o o l i n g  water and seal a i r  were e s t a b l i s h e d  t o  t h e  water 

brake and steam t u r b i n e ,  steam w a s  s lowly  admi t ted  t o  t h e  steam t u r b i n e  a t  

s u f f i c i e n t  p r e s s u r e  t o  produce r o t a t i o n  of t h e  water brake  and steam t u r b i n e  

up t o  20,000 rpm. Vib ra t ion  ampl i tudes  of t h e  water brake  and steam t u r b i n e  

were measured a t  a l l  rpm's by cont inuous ly  r eco rd ing  t h e s e  parameters ,  a long  

wi th  speed on Sanborn r e c o r d e r s .  T y p i c a l l y  t h e  steam t u r b i n e  v i b r a t i o n a l  ampli- 

t udes  have been less than  0 .2  m i l  v e r t i c a l l y  and h o r i z o n t a l l y .  Water brake  

v i b r a t i o n a l  ampl i tudes  have been i n  t h e  o r d e r  of 0.7 t o  1.0 m i l  v e r t i c a l l y  



and 0 . 4  t o  0 .6  m i l  h o r i z o n t a l l y .  The water brake has  e x h i b i t e d  a c r i t i ca l  speed 

a t  about  16,800 to  17,000 rpm a t  which t h e  v i b r a t i o n a l  ampli tudes have been 

i n  t h e  o r d e r  of 2 .0  m i l  and 1.0 m i l  on t h e  v e r t i c a l  and h o r i z o n t a l ,  r e s p e c t i v e l y .  

(These have been h igher  w i t h  poor balance of  t h e  water brake r o t o r . )  

While t h e  steam t u r b i n e  and water brake are r o t a t i n g  without  t h e  test 

t u r b i n e  engaged, steam t u r b i n e  torque  should be e q u a l  t o  water brake  torque .  

However, i f  t h e  steam i n l e t  l i n e  t o  t h e  steam t u r b i n e  is  n o t  p r e c i s e l y  a l i g n e d  

w i t h  t h e  h o r i z o n t a l  a x i s  of t h e  steam t u r b i n e ,  a n  erroneous steam t u r b i n e  

torque  is in t roduced  by t h e  r a d i a l  component of  t h e  steam p r e s s u r e  r e a c t i n g  

on t u r b i n e  c a s i n g  from t h e  steam i n l e t  l i n e .  Therefore ,  t h e  steam i n l e t  l i n e  

was s h i f t e d  u n t i l  t h e  water brake i n d i c a t e d  torque  agreed  w i t h  t h e  steam t u r -  

b i n e  torque w i t h i n  t h r e e  inch  pounds. The above torque  comparison tes t  was 

g e n e r a l l y  c a r r i e d  o u t  over  a torque  range of 0 to  120 inch pounds and over  a 

speed range of 0 to 16,000 rpm. When t h e  speed was reduced to  z e r o  both  torque  

meters were r e q u i r e d  t o  i n d i c a t e  z e r o  torque  w i t h i n  t h r e e  inch  pounds. I n  t h e  

p a s t  some adjus tments  t o  hoses  and t u b i n g  such as o i l  and a i r  l i n e s  have been 

r e q u i r e d  t o  minimize t h i s  i n f l u e n c e  on z e r o  s h i f t .  Also ad jus tments  t o  t h e  

e l e c t r o n i c  z e r o  have been r e q u i r e d .  Upon completion of a l l  ad jus tments  t h e  

steam t u r b i n e  and water brake are accelerated to  about  16,000 rpm a t  120 inch  

pound torque l e v e l  and back t o  z e r o  speed and torque  t h r e e  t i m e s  t o  i n s u r e  

r e p e a t a b i l i t y  of z e r o  torque  i n d i c a t i o n  and to  i n s u r e  r e p e a t a b i l i t y  of to rque  

comparison w i t h i n  + 3 i n c h  pounds. - 

Both torque  meters are c a l i b r a t e d  a t  z e r o  speed wi th  dead weights  of 

known mass suspended on a l e v e r  a r m  of known l e n g t h .  T h i s  c a l i b r a t i o n  was 
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conducted w i t h  t h e  water brake and  steam t u r b i n e  mounted i n  p l a c e  and  w i t h  a l l  

service connect ions  t o  t h e s e  components i n s t a l l e d .  Weights were a p p l i e d  i n  

increments t o  produce a maximum torque  approximating t h e  va lue  expec ted  du r ing  

a c t u a l  potassium t u r b i n e  t e s t i n g .  The torque  meters were c a l i b r a t e d  f o r  i n -  

c r e a s i n g  and dec reas ing  to rque .  

A f t e r  t h e  water brake and steam t u r b i n e  were checked o u t ,  t h e  Koppers 

Company s h a f t  coupl ing  was i n s t a l l e d  between t h e  potassium t u r b i n e  and t h e  

water brake.  Following t h e  e s t ab l i shmen t  of lube  o i l  f lows, seal ing argon, 

e t c .  and a f t e r  t h e  test t u r b i n e  c a s i n g  w a s  hea ted  t o  about  500°F, t h e  tes t  

t u r b i n e  was a c c e l e r a t e d  t o  about  19,000 rpm wi th  t h e  steam t u r b i n e .  Vibra- 

t i o n  of a l l  components, test t u r b i n e ,  water brake and steam t u r b i n e  were 

monitored. V i b r a t i o n a l  ampl i tudes  of t h e  water brake and steam t u r b i n e  were 

as i n d i c a t e d  above. The test t u r b i n e  g e n e r a l l y  e x h i b i t e d  a maximum i n d i c a t i o n  

occurred  a t  about  15,000 rpm. 

During t h i s  test, bea r ing  tempera tures ,  lube  o i l  supply  p re s su re ,  and 

lube  o i l  flow rates were monitored t o  v e r i f y  a c c e p t a b l e  bea r ing  performance. 

Also argon flow rate and p r e s s u r e  d i f f e r e n t i a l  a c r o s s  t h e  test t u r b i n e  l a b y r i n t h  

seal  were monitored t o  determine t h e  c h a r a c t e r i s t i c s  of t h e  t u r b i n e  a rgon  

l a b y r i n t h  seal. 

Upon completion of t h e  above p re l imina ry  tests and a f t e r  t h e  r e s u l t s  of 

t h e s e  tests were determined t o  be w i t h i n  a c c e p t a b l e  l i m i t s ,  t h e  f a c i l i t y  was 

made ready f o r  potassium vapor t e s t i n g .  J u s t  p r i o r  t o  t h e  gene ra t ion  of 

potassium vapor by t h e  f a c i l i t y  b o i l e r ,  t h e  test t u r b i n e  w a s  a g a i n  r o t a t e d  
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wi th  t h e  steam t u r b i n e  a t  va r ious  speeds .  T h i s  phase of t e s t i n g  w a s  des igned  

t o  permit t h e  measurement of  p a r a s i t i c  t o rque  of t h e  test  t u r b i n e .  Th i s  test 

i s  d i scussed  i n  d e t a i l  below. 

B. PARASITIC TORQUE CALIBRATION TEST 

A s  dur ing  previous  t e s t i n g ,  performance d a t a  were t o  be based upon t h e  

work done by t h e  t u r b i n e  b l ad ing .  A s  a r e s u l t ,  t h e  work r e q u i r e d  t o  overcome 

bearii ig and seal f r i c t i o n  had t o  be determined by means of a p a r a s i t i c  to rque  

tes t  p r i o r  t o  endurance t e s t i n g .  Because s l i g h t l y  d i f f e r e n t  va lues  of p a r a s i t i c  

to rque  as a f u n c t i o n  of  r o t a t i v e  speed were ob ta ined  f o r  each previous  build-up, 

t h e  p a r a s i t i c  t o rque  tes t  was r epea ted  p r i o r  t o  each s t a r t u p  of t h e  3000-hour 

endurance t es t  and a f t e r  t h e  shutdown a t  t h e  completion of t h e  test .  

The p a r a s i t i c  to rque  i s  t h e  d i f f e r e n c e  between t h e  steam t u r b i n e  and water 
. 

brake torque  meter va lues  when t h e  t e s t  t u r b i n e  s h a f t  i s  d r i v e n  by t h e  steam 

t u r b i n e .  Cons tan t  speed tests were run  a t  t h r e e  or more l e v e l s  of a rgon  p res -  

s u r e  i n  t h e  f a c i l i t y  and p a r a s i t i c  to rque  w a s  p l o t t e d  as a f u n c t i o n  of argon 

d e n s i t y .  I f  t h e  test d a t a  i s  e x t r a p o l a t e d  t o  z e r o  d e n s i t y ,  t h e  windage to rque  

on t h e  tes t  t u r b i n e  b l ades  is z e r o  and t h e  remaining torque  i s  t h e  bea r ing  and 

seal p a r a s i t i c  to rque  a t  t h e  r o t a t i v e  speeds  used. 

The r e s u l t s  of t h e  va r ious  p a r a s i t i c  t o rque  tests are shown i n  F igure  31 

a s  a func t ion  of r o t a t i v e  speed and argon d e n s i t y  i n  t h e  t u r b i n e ,  and i n  F igu re  

32 a s  a f u n c t i o n  of r o t a t i v e  speed a t  z e r o  d e n s i t y .  The r e s u l t s  of t h e  f i v e  

tests were r ep resen ted  by t h e  equa t ion  Q = 0.005 N w i th  a n  a c c u r a c y  of about 

+ 3 inch  pounds, where Q 

speed i n  rpm. 

P t  

is  p a r a s i t i c  to rque  i n  i n c h  pounds, and N i s  r o t a t i v e  
P t  - 
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C .  ENDURANCE TEST 

I. T e s t  Condi t ions  

The test c o n d i t i o n s  for t h e  3000-hour test were t o  be t h e  s a m e  as 

for t he  2000-hour endurance test; t h a t  is, i n l e t  t empera ture  of 1500°F, t u r b i n e  

e x i t  temperature of 1240°F, and r o t a t i v e  speed of 18,250 rpm. The e x i t  t e m -  

p e r a t u r e  w a s  chosen t o  s e t  a t u r b i n e  t o t a l - t o - s t a t i c  p r e s s u r e  of 3.47. During 

t h e  f i r s t  p o r t i o n  of t h e  endurance t e s t  t h e  r o t a t i v e  speed was v a r i e d  i n  an 

a t t empt  t o  o p e r a t e  a t  a minimum v i b r a t i o n  c o n d i t i o n .  A s  a r e s u l t ,  a major 

p o r t i o n  of t h e  f i r s t  600 hours of t h e  test was run 

tes t  cond i t ions  for t h e  remainder of t h e  3000-hour 

so t h a t  t h e  r o t a t i v e  speed was set a t  18,800 rpm. 

q u a l i t y  of 99 pe rcen t ,  t h e  estimated vapor q u a l i t y  

a t  about  18,800 rpm. The 

test  were accord ing ly  changed 

Based on a n  i n l e t  vapor 

a t  t h e  i n l e t  t o  t h e  second 

s t a g e  was 

2 .  

96 .7  pe rcen t .  

- 
Chronology 

The 3000-hour endurance test of t h e  two-stage potassium vapor t u r b i n e  

w a s  i n i t i a t e d  on A p r i l  18, 1966, fo l lowing  completion of t h e  p a r a s i t i c  to rque  

test. The t u r b i n e  ope ra t ed  cont inuous ly  u n t i l  May 13, 1966, f o r  a t o t a l  of 

GOO hours.  A t  t h a t  t i m e  i t  was necessary  t o  i n t e r r u p t  t h e  tes t  because of 

excess ive  water brake v i b r a t i o n s .  The endurance test  was r e s t a r t e d  a g a i n  on 

May 31, 1966, and a n  a d d i t i o n a l  214 hours,  for a t o t a l  of 814, was completed 

on June 9 ,  1966. The test was a g a i n  i n t e r r u p t e d  a t  t h a t  t i m e  t o  r e p a i r  a 

potassium l e a k  i n  t h e  main t h r o t t l e  va lve .  T e s t i n g  resumed on June 11, 1966 

and 1361 a d d i t i o n a l  hours were accumulated u n t i l  August 7, 1966. A t  t h i s  

p o i n t ,  a t o t a l  of 2175 hours,  t e s t i n g  w a s  a g a i n  i n t e r r u p t e d  due t o  a water 
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brake bea r ing  f a i l u r e .  A f t e r  r e p a i r  of t h e  water brake,  t e s t i n g  w a s  resumed 

on August 16, 1966. The remaining 825 hours of t h e  endurance test were t h e n  

completed on September 19, 1966. 

3. Key Events 

The fo l lowing  is a ch rono log ica l  d e s c r i p t i o n  of t h e  3000-hour 

endurance tes t ,  wi th  a d i s c u s s i o n  of a l l  p e r t i n e n t  i n c i d e n t s  a P f e c t i n g  per -  

formance or r e q u i r i n g  meehanical mod i f i ca t ions  t o  e i t h e r  t h e  t u r b i n e  power 

t r a i n  or tes t  f a c i l i t y  components. 

a .  I n i t i a t i o n  of Tes t  

The f i r s t  vapor o p e r a t i o n  occurred  a t  1455 hours on A p r i l  18, 

1966 a t  a b o i l e r  temperature of 1200°F. The t u r b i n e  s t a r t - u p  was t y p i c a l  

(Reference 2) wherein t h e  speed of t h e  t u r b i n e  is c o n t r o l l e d  by vary ing  t h e  

power from t h e  a u x i l i a r y  steam t u r b i n e  while t h e  potassium vapor tempera ture  
\ 

i n c r e a s e s  t o  i t s  des ign  p o i n t  (1500°F), and t h e  water brake i s  brought on t h e  

l ine as t u r b i n e  power i n c r e a s e s .  Speed w a s  maintained i n  t h i s  manner u n t i l  

a t  1800 hours ( A p r i l  18, 1966), when endurance t es t  cond i t ions  were reached, 

and t h e  t u r b i n e  speed was se t  on au tomat i c  c o n t r o l .  $ 1  
b. Actua t ion  of Disk Brake 

Typ ica l ly ,  t h e  s t a r t - u p  and shutdown pe r iods  are the  most 

c r i t i ca l ,  as observed du r ing  t h e  prev ious  2000-hour t e s t i n g  (Reference 2 ) ,  

as i n d i c a t e d  he re  by t h e  fo l lowing  occurrence .  A t  1900 hours on A p r i l  18, 

a momentary p e r i o d  of low-power o p e r a t i o n  occur red  as t h e  r e s u l t  of s t i c k i n g  

exhaus t  l ouve r s  on the  potassium vapor condenser.  Turbine speed was main ta ined  
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e s s e n t i a l l y  a t  des ign-poin t  l e v e l  by reducing t h e  power-absorbing c a p a b i l i t i e s  

of  t h e  water brake  which i n  p a r t ,  r e q u i r e d  o p e r a t i n g  i t  w i t h  a lower-than- 

normal water inventory .  During t h i s  t r a n s i e n t  ad jus tment  per iod ,  t h e  brake  

momentarily unloaded wi th  a consequent speed i n c r e a s e .  A rapid-response water 

brake f l o o d i n g  device  was a c t u a t e d  (manually) to  prevent  e x c e s s i v e  overspeed.  

Before speed s t a b i l i t y  w a s  r e s t o r e d ,  t h e  water brake was f looded  i n  t h i s  manner 

twice, and on t h e  second occasion,  t h e  d i s k  brake was a c t u a t e d  by a n  automatic 

overspeed t r i p  ( se t  f o r  21,000 rpm a c t u a t i o n ) .  Within minutes,  t h e  l o u v e r s  

were f r eed ,  and normal o p e r a t i o n  was r e s t o r e d .  A similar occurrence  i n v o l v i n g  

such a c t u a t i o n  of t h e  d i s k  brake occurred  t h e  fo l lowing  day ( A p r i l  19 a t  1400 

h o u r s ) .  The d i s k  brake w a s  no t  a c t u a t e d  aga in ,  

and eva lua ted ,  damage had occurred  t o  t h e  brake 

per iods .  

-c 

Shown i n  F igure  33 are  t h e  speed and water 

of t h e  t u r b i n e  d e c e l e r a t i o n  dur ing  t h e  combined 

b u t  as was t o  be l a t e r  observed 

d i s k  dur ing  t h e s e  two a c t u a t i n g  

brake torque  c h a r a c t e r i s t i c s  

water brake f l o o d i n g  and d i s k  

brake employment on A p r i l  19, 1966. The i n i t i a l  t u r b i n e  speed w a s  18,000 rpni 

and t h e  torque was 600 i n . - l b s .  When t h e  water brake unloaded, t h e  speed 

i n c r e a s e d  t o  21,000 rpm i n  one-half  second. The water brake f l o o d i n g  d e v i c e  

w a s  a c t u a t e d  and became e f f e c t i v e  by t h e  t i m e  t h e  t u r b i n e  had accelerated t o  

a peak of 22,500 rpm. 

t i m e  t h e  water brake had d e c e l e r a t e d  t h e  t u r b i n e  t o  20,000 rpm. The combined 

e f f e c t  of t h e  water and d i s k  brakes caused t h e  t u r b i n e  t o  decelerate t o  9,000 

rpm in two seconds.  A t  9,000 rpm t h e  d i s k  brake released and t h e  speed i n -  

The d i s k  brake w a s  a c t u a t e d  and became e f f e c t i v e  by t h e  

c r e a s e d  back t o  14,000 rpm under r e s t r a i n t  from t h e  water brake.  

minutes normal speed was regained.  

Within f i v e  
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C .  

t h a t  t h e  water  

Water Brake V i b r a t i o n s  

During t h e  i n i t i a l  potassium vapor t e s t i n g ,  i t  w a s  observed 

brake  v i b r a t i o n s  were running s o m e w h a t  h igher  than  normal (as 

observed on t h e  2000-hour t e s t ) .  A t  19,000 rpm, t h e  nominal ampli tude o f  

v i b r a t i o n  was 2 . 5  m i l s  (peak-to-peak) v e r t i c a l l y  and about  3.0 m i l s  h o r i -  

z o n t a l l y  ( s e e  F i g u r e  4 f o r  l o c a t i o n  of v i b r a t i o n  s e n s o r . ) .  Normally, t hese  

run  about  0.5 t o  1 .0 m i l s .  Within t h e  speed range of i n t e r e s t ,  19,040 rpm 

was found t o  be t h e  speed a t  which t h e  water brake v i b r a t i o n  was minimum. 

I t  was a l s o  observed t h a t  t h e  ampli tude of t h e s e  v i b r a t i o n s  would suddenly 

i n c r e a s e  or decrease  about  1/2 m i l  from t h e  nominal va lues  given above. In  

a n  a t tempt  t o  determine whether t h e  potassium t u r b i n e  might be c o n t r i b u t i n g  

t o  t h e  water brake v i b r a t i o n s ,  i t  was found t h a t  i f  t h e  t u r b i n e  o i l  sump 

p r e s s u r e  ( i n  t h e  b e a r i n g  housing) were reduced (by vent ing  a rgon) ,  t h e  f r e -  

quency a t  which t h e  above v i b r a t i o n  excurs ions  p e r i o d  was from 5 t o  30 seconds,  

but  wi th  vent ing,  t h e  p e r i o d  v a r i e d  from t e n  minutes t o  s e v e r a l  hours .  Although 

no t  conclusive,  i t  has  been suspec ted  t h a t  t h e  h igher  sump p r e s s u r e  (which 

r e s u l t e d  i n  a forward component of r o t o r  t h r u s t )  helped reduce t h e  a f t  t h r u s t  

\- 

load  on t h e  t u r b i n e  b a l l  b e a r i n g  s u f f i c i e n t l y  that when coupled w i t h  t h e  high 

unbalance of t h e  d i s k  brake ( d i s c u s s e d  below) , v i b r a t i o n  excurs ions  occurred  

i n  t h e  t u r b i n e  and were i n  p a r t ,  f e l t  i n  t h e  water brake.  

However, t h e  t u r b i n e  system cont inued  t o  o p e r a t e  s a t i s f a c t o r i l y  u n t i l  

about  500 hours  of cont inuous running had been accumulated. Then i n  t h e  

one-hundred hour p e r i o d  between May 8 and May 13, 1966, t h e  water brake forward 

v i b r a t i o n s  i n c r e a s e d  from 2 . 5  m i l s  ( v e r t i c a l )  t o  4.5 m i l s ,  and appeared to  be 
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g e t t i n g  worse. A t  600 hours  accumulated t e s t i n g  t i m e ,  t h e  system was s h u t  

down to  determine t h e  cause of  v i b r a t i o n s .  The power t r a i n  was removed i n t a c t  

from t h e  a f t  end of t h e  potassium t u r b i n e  (F igure  3) and a n  i n s p e c t i o n  of t h e  

t u r b i n e  coupl ing,  t h e  water brake, t h e  d i s k  brake,  and the potassium t u r b i n e  

t h r u s t  bear ings  ensued wi th  t h e  fol lowing r e s u l t s :  

I t  w a s  immediately obvious on shutdown t h a t  t h e  d i s k  brake had been badly 

scored  from t h e  p r e v i o u s l y  d e s c r i b e d  brake a c t u a t i o n s ,  as can be seen  i n  F i g u r e  

34a. Subsequent dye p e n e t r a n t  checks showed t h a t  i t  had produced a s e v e r e  

c r a c k  p a t t e r n  i n  t h e  a r e a  swept by t h e  brake l o a d e r  pucks. I t  was removed 

from t h e  t u r b i n e  and was check-balanced, r e v e a l i n g  t h a t  t h e  d i s k  had a 7.9 

gram-inch unbalance.  The t w o  wear s u r f a c e s  of  t h e  d i s k  were ground to  d e t e r -  

mine t h e  depth  o f ,  and/or  t o  remove t h e  c racks  from t h e  s u r f a c e s ,  and t o  see 

if t h e  s u r f a c e  r e f i n i s h i n g  would reduce or e l i m i n a t e  t h e  unbalance c o n d i t i o n .  
1 

A f t e r  removing 0.035 inches  from each s u r f a c e  of t h e  d i s k ,  t h e  cracked condi- 

t i o n  was s t i l l  v i s i b l e ,  a l though much less severe, as shown i n  F igure  34b. 

A l s o ,  dur ing  t h e  gr inding ,  i t  was observed t h a t  t h e  d i s k  d e v i a t e d  0.015 inches  

from being f l a t .  Following t h e  remachining of  t h e  s u r f a c e s ,  t h e  d i s k  unbalance 

remained a t  3.5 gram-inches. I t  was concluded t h a t  t h e  d i s k  brake had been put  

out-of-balance as  a r e s u l t  of  uneven metal loss and warpage dur ing  t h e  brak ing  

o p e r a t i o n .  Because t h e  d i s k  brake had used t h e  a v a i l a b l e  i n s t a l l a t i o n  space  

(F igure  34a),  no v i b r a t i o n  s e n s o r s  were a t  t h e  a f t  end of the t u r b i n e  t o  measure 

t h e  r e s u l t i n g  v i b r a t i o n .  I n  a d d i t i o n ,  t h e  v i b r a t i o n  s e n s o r s  on t h e  bear ing  

housing l o c a t e d  midway a x i a l l y  between t h e  b a l l  b e a r i n g s  and t h e  pad bear ings  

(see Figure  4) gave no clear i n d i c a t i o n  o f  t h e  v i b r a t i o n  problem, p a r t l y  because 

-31- 



t h e  source  of v i b r a t i o n  w a s  very close to  t h e  massive d ished  head of t h e  glove 

box upon which t h e  t u r b i n e  i s  mounted. T h i s  massive and r i g i d  s t r u c t u r e  tends  

t o  subdue any v i b r a t i o n s  i n  i t s  v i c i n i t y .  

An i n s p e c t i o n  of  t h e  ba lance  c o n d i t i o n  of t h e  water brake rotor r e v e a l e d  

i t  t o  have a n  unbalance of 2 .0  gram-inches on t h e  forward (potassium t u r b i n e  

connecting) end. This  was a t t r i b u t e d  t o  a n  inadequate  f i t  between t h e  s p l i n e d  

coupl ing and t h e  water  brake rotor on t h e  c o n i c a l  s u r f a c e  (F igure  3) which 

allowed t h e  brake to  be i n i t i a l l y  adequate ly  balanced wi th  i t s  coupl ing,  bu t  

no t  t o  be disassembled and then reassembled wi thout  l o s i n g  t h i s  balance,  when 

i n s t a l l e d  i n  t h e  f i n a l  test s e t u p .  A poor f i t  between t h e  i n t e r n a l  and ex termal  

t a p e r s  of t h e s e  s h a f t s  and s p l i n e d  coupl ings  permi t ted  a s l i g h t  a n g u l a r  motion 

between t h e  p a r t s .  

\ 

On t h e  s p l i n e d  coupl ing,  c o n s i d e r a b l e  wear was observed on t h e  potassium 

t u r b i n e  end. T h i s  i s  s e e n  i n  F igure  3 5 ,  where t h e  i n t e r n a l  s p l i n e  which con- 

n e c t s  t o  t h e  potassium t u r b i n e  s h a f t  can be seen  t o  have badly worn t e e t h .  

The depos i ted  m a t e r i a l  is a p p a r e n t l y  a mixture  of t o o t h  material and o v e r -  

hea ted  l u b r i c a t i n g  g r e a s e .  On t h e  water brake end, no apparent  d e t e r i o r a t i o n  

of t h e  s i m i l a r  coupl ing  had occurred .  I t  w a s  s e e n  immediately on disassenibl ing 

t h e  t u r b i n e  d r i v e  t r a i n  t h a t  t h e  coupl ing  had been running 

though i t  had been o r i g i n a l l y  adequate ly  l u b r i c a t e d  w i t h  a 

T h i s  c o n d i t i o n  obvious ly  c o n t r i b u t e d  to t h e  s e v e r e  wearing 

complecely dry,  a l -  

h igh-qual i ty  g r e a 5 e . s  

of t h e  c o u p l i n g .  

Plast i lube-Moly N o .  3”, manufactured by Warren Ref in ing  * I 1  

Cleveland, Ohio. 
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I t  i s  concluded t h a t  t h e  loss of  l u b r i c a t i o n  was p r i m a r i l y  due t o  a n  e x c e s s i v e  

temperature f o r  t h e  l u b r i c a n t .  The h igh  tempera ture  r e s u l t e d  from h e a t  be ing  

conducted i n t o  t h e  coupl ing  from t h e  v e r y  las t  d i s k  brake  which had been 

a c t u a t e d  t h r e e  t i m e s  d u r i n g  t u r b i n e  s t a r t u p .  

The t u r b i n e  power t r a i n  was reassembled wi th  a new s p l i n e d  coup l ing  

assembly connec t ing  t h e  potassium t u r b i n e  and water brake .  A i r  coo l ing  was 

a p p l i e d  t o  t h e  coup l ing  f o r  t h e  remainder of t h e  test. The d i s k  brake  was 

n o t  inc luded  i n  t h e  reassembly. Although no d e t e r i o r a t i o n  was e v i d e n t  i n  t h e  

potassium t u r b i n e  b a l l  bea r ings ,  new b a l l  bea r ings  were i n s t a l l e d  f o r  t h e  sub- 

sequent t e s t i n g .  The s p l i n e d  coupl ing  was balanced by f i r s t  ba l anc ing  each  

i n t e r n a l  s p l i n e d  end s e p a r a t e l y ,  and then  t h e  c e n t r a l  spoo l  s e c t i o n  w a s  

balanced by hold ing  i t  i n  t h e  s p l i n e d  s e c t i o n s  on a s p e c i a l  a r b o r .  The water 

brake  r o t o r  was balanced f i r s t  by i t s e l f ,  and then  as a n  assembly wi th  i ts  

s p l i n e d  elid coupl ing .  An unbalance of less than 0 . 1  gram-inch w a s  ach ieved  
. 

i n  each  of t h e  components. The f i t  between t h e  water brake s h a f t  and t h e  

sp l ined-end  coup l ing  was improved by hand-lapping t o  ensu re  c o n t a c t  of t h e  

t ape red  j o i n t .  Th i s  proved e f f e c t i v e  i n  a l l  fo l lowing  d i sa s sembl i e s  and re- 

assembl ies ,  d u r i n g  which no change of balance  was observed. During subsequent 

t e s t i n g ,  water brake v i b r a t i o n s  were less than  112 m i l  i n  ampl i tude  a t  speeds  

up t o  20,000 rpm, except  f o r  a c r i t i ca l  speed a t  17,500 rpm where i t s  peak 

amplitude w a s  about  1-1/2 m i l s .  

1 
t 1 

During t h e  t i m e  t h e  above mod i f i ca t ions  were be ing  made, a borescope 

i n s p e c t i o n  ho le  i n  t h e  duc t  upstream of t h e  t u r b i n e  b u l l e t  nose was opened. 
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Inspec t ion  of  t h e  i n l e t  reg ion  of t h e  t u r b i n e  ( i n c l u d i n g  t h e  upstream f a c e  

of  t h e  f i r s t  s t a g e  nozz le  diaphragm, bul le t -nose ,  and t h e  e i g h t - i n c h  vapor 

pipe)  r e v e a l e d  no v i s i b l e  ev idence  of mass transfer or o t h e r  damage or de- 

t e r i o r a  t i o n .  

The t u r b i n e  was back i n  o p e r a t i o n  on May 31, 1966 a t  t h e  r e q u i r e d  endurance 

t es t  c o n d i t i o n s  (as i n d i c a t e d  i n  Table IV). Water brake v i b r a t i o n s  were 0.7 

t o  0 . 9  m i l ,  and steam t u r b i n e  v i b r a t i o n s  

d. Repair  o f  T h r o t t l e  Valve 

Turbine t e s t i n g  cont inued  

i n  Table  I V  f o r  two weeks, u n t i l  June 9, 

813 hours of t e s t i n g ,  a small wisp smoke 

were 0 .2  t o  0 .3  m i l s .  

accord ing  t o  t h e  

1966, when a f t e r  

c o n d i t i o n s  i n d i c a t e d  

having accumulated 

was v i s u a l l y  observed coming from t h e  

upper a r e a  of t h e  e i g h t - i n c h  t h r o t t l e  va lve  body. Closer  i n s p e c t i o n  r e v e a l e d  

a d e f i n i t e  i n d i c a t i o n  of a small l e a k  from w i t h i n  t h e  va lve  assembly. Although 

t h e  l e a k  was h a r d l y  d i s c e r n i b l e ,  and presented  no immediate hazard t o  e i t h e r  

o p e r a t i o n s  or s a f e t y ,  i t  was c lear ly  necessary  t o  i n t e r r u p t  t h e  endurance test 

for f u r t h e x  i n s p e c t i o n  and r e p a i r s .  

\ 

The tes t  shutdown occurred  on June 9 and w a s  o r d e r l y  and without  i n c i d e n t .  

The l e a k  w a s  found t o  be i n  t h e  welded j o i n t  which seals t h e  bellows t o  t h e  

top  p l a t e  of t h e  va lve  body assembly. T h i s  j o i n t  was repair-welded by t h e  

fo l lowing  day, and t h e  f a c i l i t y  was immediately r e s t a r t e d .  Endurance test- 

p o i n t  c o n d i t i o n s  were a g a i n  e s t a b l i s h e d  a t  1330 hours  on June 11, 1966. 
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e .  Water Brake Bearing F a i l u r e  

i 
1 

.,. 1 

i 

T e s t i n g  cont inued  as i n d i c a t e d  i n  Table  I V  f o r  e l even  weeks 

u n t i l  on August 7,  when a f t e r  accumulating 2176 hours of t e s t i n g ,  t h e  v i b r a t i o n s  

on t h e  forward end of t h e  water brake inc reased  ( i n  a n  18 hour per iod)  from 1 .6  

m i l s  t o  over  5 m i l s  as i n d i c a t e d  i n  F igure  36. The t u r b i n e  was s h u t  down f o r  

i n s p e c t i o n ,  w i th  t h e  fo l lowing  o b s e r v a t i o n s .  

t h e  s h a f t  o i l  seals sur rounding  i t  were des t royed ,  as i n d i c a t e d  i n  F igu re  37. 

The r e a r  bea r ing  of t h e  water brake was undamaged, bu t  was rep laced  a l o n g  t h e  

damaged bea r ing .  The s m a l l  s p l i n e d  coupl ing  between t h e  water brake and steam 

t u r b i n e  (F igu re  3) had been s l i g h t l y  damaged due t o  t h e  misalignment of t h e  

s h a f t  fo l lowing  t h e  f a i l u r e  of t h e  water brake bear ing ,  and t h i s  s p l i n e d  coupl ing  

The water brake f r o n t  bea r ing  and 

was r ep laced .  The Koppers coupl ing  between water brake and potassium t u r b i n e  

was i n  p e r f e c t  condi t ior i ,  i n d i c a t i n g  no t o o t h  wear or l u b r i c a n t  d e t e r i o r a t i o n ,  

and i t  was re- ins ta l le ’d .  During t h e  down t i m e ,  ba l anc ing  of t h e  water brake  

r o t o r  and Koppers coup l ing  were r epea ted .  A f t e r  e i g h t  days down t i m e  €or r e p a i r ,  

t h e  t u r b i n e  w a s  back on potassium vapor a t  t h e  r e q u i r e d  se t  p o i n t .  

f .  Completion of T e s t  

A s  i n d i c a t e d  i n  Table  IV, t h e  f i n a l  824 hours of t h e  3000-hour 

test were completed wi thout  i n c i d e n t  and wi thout  any s i g n i f i c a n t  change i n  t h e  

o p e r a t i o n a l  c h a r a c t e r i s t i c s  of t h e  t u r b i n e .  A s  i s  t y p i f i e d  i n  F igure  38, t h e  

speed remained w i t h i n  two pe rcen t  of t h e  se t  p o i n t .  During t h i s  t e s t i n g ,  t h e  

potassium t u r b i n e  v i b r a t i o n s  d i d  n o t  exceed t h r e e  g ’ s .  The tempera ture  p a t t e r n s  

i n  t h e  bea r ings  were t h e  same as measured i.n prev ious  t e s t i n g ,  and t h e  l a b y r i n t h  
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seal p res su res  were c o n s t a n t ,  as  shown i n  F igu re  39. Water brake  v i b r a t i o n s  

remained c o n s t a n t  a t  ampl i tudes  below 0.6 m i l s ,  peak-to-peak. 

The 3000-hours of t e s t i n g  were completed a t  2031 hours on September 19, 

1966 and t h e  t u r b i n e  was s h u t  down a t  t h i s  t i m e .  During t h e  cooldown per iod ,  

w i th  dec reas ing  vapor flow, expec ted  speed excur s ions  d i d  occur  as shown i n  

F igure  40, a s  compared wi th  t y p i c a l  speed  c o n t r o l  du r ing  endurance t e s t i n g ,  

and were c o n t r o l l e d  by water brake  load ing  and t h e  v a r i a t i o n  of steam t u r b i n e  

to rque .  A t  2200 hours,  t h e  flow of potassium vapor had completely stopped, 

and r o t a t i o n  was maintained u n t i l  f i n a l  cooldown ( twe lve  hours l a t e r )  by 

d r i v i n g  the  s y s t e m  wi th  t h e  steam t u r b i n e  a t  a low speed (5,000 rpm). 

4 .  General Observa t ions  During. Testing. 

Throughout t h e  t e s t i n g  per iod ,  i t  w a s  observed t h a t  t h e  p r e s s u r e  - 
drop a c r o s s  t h e  o i l  screw seal immediately forward of t h e  pivoted-pad bea r ing  

(F igure  1) v a r i e d  i n  a c y c l i c  manner, cor responding  t o  a n  apparent  opening 

and c l o s i n g  of t h i s  seal .  I t  was concluded t h a t  t h e  seal  was a l t e r n a t i v e l y  

b u i l d i n g  up w i t h  o i l  which was carbonized  by t h e  environmental  hea t ,  w i th  a 

r e s u l t i n g  i n c r e a s e  i n  e f f e c t i v e n e s s  of t h e  seal. P e r i o d i c a l l y  i t  would open, 

reducing t h e  seal  e f f e c t i v e n e s s  t o  des ign-poin t  va lues .  

Also, from t h e  beginning of t h e  3000-hour t es t ,  t h e  hydrodynamic s e a l  

appeared t o  be l e a k i n g  seal  l i q u i d  i n t o  t h e  main vapor loop  a t  a rate of 

about  1/4 g a l l o n  p e r  hour.  T h i s  d i f f e r e d  from t h e  obse rva t ions  made du r ing  

t h e  prev ious  2000-hour endurance tes t ,  du r ing  which t h e  seal ga ined  l i q u i d  a t  
, r .  I 

r a t e s  vary ing  between 2 and 16 g a l l o n s  pe r  hour (presumed t o  be due t o  conden- 
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s a t i o n  of vapor i n t o  t h e  cooler seal  l i q u i d ) .  Although o r i g i n a l l y  suspec ted  

t o  be due t o  a weld c r a c k  on t h e  s e a l - b e a r i n g  housing a t tachment  ( l a t e r  found 

to  be completely i n t a c t  upon t u r b i n e  disassembly),  t h e  reason  f o r  seal  l i q u i d  

out - leakage  w a s  u l t i m a t e l y  a t t r i b u t e d  t o  a seal flow r e s t r i c t i o n  as shown below. 

The seal  used du r ing  t h i s  tes t  had p rev ious ly  been r e p a i r e d  du r ing  

manufacture by s h r i n k - f i t t i n g  a cap over t h e  r o t a t i n g  housing when t h e  housing 
3 

o u t e r  wall  had been machined t o o  t h i n .  T h i s  cap  r e s u l t e d  i n  t h e  r e s t r i c t i o n  

"A" which w a s  0.050 inches  d u r i n g  t h i s  test, which i s  0.030 inches  less than  

be fo re ,  and presumably r e s u l t e d  i n  an  added r e s t r i c t i o n  t o  t h e  flow of 2.2 gpm 

of l i q u i d  potassium through t h e  seal, s u f f i c i e n t  t h a t  i t  caused t h e  leakage  

through t h e  c l e a r a n c e  space  (0.009 m i l  r a d i a l  gap) a t  "B". 

A l s o ,  du r ing  t h e  shutdown a t  600 hours of t e s t i n g  on May 13, 1966, i t  was 

observed t h a t  a minute l e a k  i n  t h e  bellows h e a t  s h i e l d  assembly of t h e  b e a r i n g  
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housing had occurred .  T h i s  allowed release of about  1/3 s c f h  of a rgon  i n t o  

t h e  main f a c i l i t y .  On s t a r t u p  of t h e  s y s t e m ,  t h e  l e a k  d isappeared ,  and d i d  

not  reappear u n t i l  t h e  l a s t  week of t e s t i n g  ( i n  September 1966). T h i s  s m a l l  

l e a k  caused no o p e r a t i o n a l  problems, s i n c e  t h e  a rgon  e x t r a c t i o n  system was 

capable  of con t inuous ly  removing i t  from t h e  condenser wi thout  d i f f i c u l t y .  

< 
1 
i, 
i 

> 

! 

J 1 

I 
I 
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V. TEST RESULTS 

1 
I 

A .  MECHANICAL DATA 

N o  ev idence  of mechanical d e t e r i o r a t i o n  was observed  throughout t h e  3000 

hours of t e s t i n g .  Represen ta t ive  of t h e  means used to monitor t h e  mechanical 

o p e r a t i o n  du r ing  test are t h e  c o n d i t i o n s  of t h e  l a b y r i n t h  seal which s e p a r a t e s  

t h e  o i l  and potassium, t h e  proper  f u n c t i o n i n g  o f  which is  extremely impor tan t .  

P l o t s  of t h e  p r e s s u r e  d i s t r i b u t i o n  a c r o s s  t h e  va r ious  seal  c a v i t i e s  (F igu re  1) 

dur ing  o p e r a t i o n  are shown i n  F igure  39. Although t h e  seal e x h i b i t e d  v a r i a t i o n s  

i n  p r e s s u r e  d i s t r i b u t i o n  from t i m e  t o  t i m e ,  no deg rada t ion  i n  s e a l i n g  c a p a c i t y  

was observed throughout t h e  t es t .  

1. Turbine Disassembly and V i s u a l  In spec t ion  

On September 20, 1966, t h e  t u r b i n e  was removed from t h e  tes t  f a c i l i t y  

i n  t y p i c a l  f a s h i o n  by G u t t i n g  t h e  welded f l a n g e  a t  t h e  forward end of t h e  i n l e t  

d u c t  and a t  t h e  s c r o l l  o u t l e t  f l a n g e .  

a c t i v a t i o n  of r e s i d u a l  potassium, t h e  cas ings  were c u t  open, t h e  r o t o r  w a s  

removed, and t h e  bea r ing  assembl ies  were removed from t h e  bea r ing  hous ings .  

The immediate obse rva t ion  cou ld  be made t h a t  t h e  t u r b i n e  had endured t h e  3000- 

hour test wi thout  appa ren t  phys i ca l  d e t e r i o r a t i o n  as fo l lows :  

Following t h e  s t anda rd  c l e a n i n g  and de- 

I. The s t a t o r  aerodynamic components were comple te ly  i n t a c t  and d i s -  

played no c rack ing  or o t h e r  mechanical or chemical d e t e r i o r a t i o n .  

2 .  The t u r b i n e  r o t o r  b l ades  and b lade  r e t a i n e r  c l i p s  were completely 

i n t a c t  and showed no mechanical or chemical d e t e r i o r a t i o n .  

a 
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3. The p ivo ted  pad bea r ing  was undamaged excep t  f o r  a s i n g l e  s c o r e  

mark on i ts  s u r f a c e .  

4.  The b a l l  t h r u s t  bea r ings  showed no evidence of s p a l l i n g  or of 

pending f a i l u r e ,  and a l l  b e a r i n g  housing flow tub ing  was i n t a c t .  

P re sen ted  i n  Table  V are t h e  major dimensional i n s p e c t i o n  r eco rds  f o r  key 

t u r b i n e  components ob ta ined  du r ing  disassembly of t h e  t u r b i n e  fo l lowing  t h e  

3000-hour endurance tes t .  Key measurements be fo re  and a f t e r  i n s p e c t i o n  are 

t a b u l a t e d  and t h e  c o n d i t i o n  of t h e  mating f l a n g e  d iameters  and s u r f a c e s  of 

t h e  importaiit s t a t i c  p a r t s  ( i n l e t ,  d u c t ,  c a s i n g  and s c r o l l )  are g iven  i n  

F igu res  41 through 56. The d i s t o r t i o n s  i n  t h e s e  s t a t i c  components a x e  due 

p r i m a r i l y  t o  t h e  h igh  tempera ture  o p e r a t i o n  i n  a c losed  loop  where unknown 

f o r c e s  are imposed on t h e  t u r b i n e  by t h e  a d j o i n i n g  i n l e t  and exhaus t  duc t ing .  

2. S t a t o r  Inspec t i% 

Shown i n  F igu re  47 are comparisons of t h e  a f t  end of the  i n l e t  duc t  

assembly c o n t a i n i n g  t h e  f i r s t  s t a g e  nozz le  diaphragm assembly and t h e  r o t o r  

honeycomb t i p  s e a l  be fo re  and a f t e r  t e s t .  I t  can be seen  t h a t  a l though  ex- 

pe r i enc ing  t h e  t y p i c a l  vane d i s c o l o r a t i o n  observed du r ing  t h e  prev ious  2000- 

hour test, no mechanical d e t e r i o r a t i o n  s t r u c t u r e  or s u r f a c e  material loss  t o  

t h e  f l u i d  dynamic components was e v i d e n t .  The d e l i c a t e  t r a i l i n g  edges of t h e  

nozz le  vanes were undamaged, and t h e  honeycomb seal was i n t a c t .  A similar view 

i n t o  t h e  a f t  end of t h e  t u r b i n e  cas ings  showing a comparison of t h e  second s t a g e  

nozz le  e x i t  r eg ion  be fo re  and a f t e r  t h e  3000-hour test is  seen  i n  F igure  48, 

w i th  t h e  same gene ra l  conc lus ion  t h a t  no mechanical d e t e r i o r a t i o n  occurred .  

The components were d i s c o l o r e d  as  a r e s u l t  of t e s t i n g ,  bu t  were o the rwise  undamaged. 
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On t h e  lower nozz le  diaphragm a t  t h e  7 o ' c l o c k  p o s i t i o n  i t  can be seen  t h a t  

t h e  c o l o r a t i o n  is da rke r ,  which may i n d i c a t e  t h e  presence  of l i q u i d  a t  t h e  

bottom of t h e  t u r b i n e .  

F igures  49 and 50 show be fo re  and a f t e r  comparisons of t h e  s p l i t  (bu t  

n o t  y e t  disassembled) c a s i n g s .  Again, no damage t o  components and/or i n d i c a -  

t i o n  of b l ade  t i p  rubs  on t h e  honeycomb seals i s  e v i d e n t .  

F igu res  51 through 53 show t h e  t u r b i n e  f l u i d  dynamic p a r t s  a f t e r  f u r t h e r  

disassembly from t h e  c a s i n g s .  F igure  51 shows forward and a f t  f a c e s  of t h e  

f i r s t  s t a g e  nozz le  diaphragm, w i t h  a c loseup  view of a segment of vanes shown 

i n  F igure  51c. Here, t h e  d i s c o l o r a t i o n  p a t t e r n  can be viewed and t h e  b raze  

j o i n t s  a r e  seen  t o  be f r e e  from c racks  or c o r r o s i v e  damage. F igu re  52 shows 

s i m i l a r  forward and a f t  views of t h e  second s t a g e  nozz le  diaphragm wi th  iden- 

t i ca l  conc lus ions .  1- 

In  F igu re  53, t he  honeycomb t i p  seals can be seen  t o  be i n t a c t  and com- 

p l e t e l y  r e -useab le ,  a l though  a f a i n t  t r a c k  of impingement damage can be seen  

t o  be o c c u r r i n g  i n  the  0.005-inch t h i c k  honeycomb s t o c k  of both s t a g e s .  This  

occurs  a t  t h e  s i x - t o - n i n e  o ' c l o c k  l o c a t i o n  looking  forward, p o s s i b l y  a t t r i b u t -  

a b l e  t o  t h e  p rev ious ly  p o s t u l a t e d  presence  of l i q u i d  a l o n g  t h e  bottom of t h e  

d u c t .  

3.  Rotor I n s p e c t i o n  

F igu re  54 shows t h e  assembled t u r b i n e  r o t o r  be fo re  and a f t e r  t h e  

3000-hour test .  I t  remained completely i n t a c t  throughout t h e  t e s t i n g ,  wi th  
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t h e  only major change be ing  t h e  t y p i c a l  c o l o r a t i o n  o f  t h e  blades,  e s p e c i a l l y  

t h e  r e f r a c t o r y  metal b lades .  Most of t h e  b l a d e s  i n  b o t h  s t a g e s  had a l s o  been 

run i n  t h e  prev ious  2000-hour test, as  d i s c u s s e d  previous ly ,  thereby  accumulat ing 

a t o t a l  of 5000 hours  o p e r a t i o n  i n  potassium vapor. 

The unbalance of t h e  t u r b i n e  r o t o r  b e f o r e  disassembly was determined o n  

t h e  balance machine as shown i n  F i g u r e  55. The l e v e l s  of  rotor unbalance 

before  and a f t e r  t h e  test are g iven  i n  Table  V and i n d i c a t e  t h a t  t h e  forward 

( a d j a c e n t  t o  wheels) b e a r i n g  p lane  underwent approximately a 0.5 gram-inch 

i n c r e a s e  i n  unbalance d u r i n g  t h e  3000-hour test ,  and t h e  a f t  ( a d j a c e n t  t o  

coupl ing)  b e a r i n g  plane was e s s e n t i a l l y  unchanged. 

Upon disassembly of  t h e  r o t o r  a measurement of t h e  t i e - b o l t  r e s i d u a l  

t e n s i o n  revea led  i t  t o  be 9300 l b s  (which is  700 l b s  less than  t h e  i n i t i a l  

10,000 l b s  t e n s i o n ) ,  thereby  i n d i c a t i n g  a n  o v e r a l l  r e l a x a t i o n  of seven p e r c e n t .  

The before  and a f t e r  t es t  measurement of t h e  t i e - b o l t  l e n g t h  i n d i c a t e s  a 0.001 

1 

inch  s h o r t e n i n g  due t o  t e s t i n g  (which appears  i l l o g i c a l ) .  This  casts s u s p i c i o n  

on t h e  b e f o r e - t e s t  measurement which, d e s p i t e  be ing  performed under c l o s e l y  

c o n t r o l l e d  c o n d i t i o n s  w i t h  a c c u r a t e  ins t ruments ,  has t o  be d iscounted .  

A f t e r  removal of t h e  t i e - b o l t ,  t h e  wheels were s e p a r a t e d  a t  t h e  c u r b i c  

coupl ings by apply ing  approximately 50 l b s  a x i a l  load between t h e  wheel f a c e s .  

During running, t h e  c u r v i c  coupl ing  f a c e s  t y p i c a l l y  lock t i g h t l y  t o g e t h e r ,  

presumably due t o  a minor degree of d i f f u s i o n  bonding. N o  p h y s i c a l  measure- 

ment was made of t h e  c u r v i c  coupl ing  dimensions, a l though a v i s u a l  i n s p e c t i o n  

showed them t o  be u n a f f e c t e d  by t e s t i n g  (see Figure  56). The wheel diameters  
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(bo th  s t a g e s ) ,  measured a t  t h e  b l ade  t i p s ,  r evea led  a n  i n c r e a s e  i n  d iameter  

of  0.001 inches .  This  i s  t h e  same as w a s  measured fo l lowing  t h e  2000-hour t e s t .  

The gene ra l  c o n d i t i o n  of t h e  t u r b i n e  r o t o r  b l a d e s  fo l lowing  t h e  3000-hour 

endurance t e s t  i s  g iven  i n  F igures  57 through 59. In  a d d i t i o n ,  t h e  weights  of 

t h e  i n d i v i d u a l  b l ades ,  be fo re  and a f t e r  3000 hours t e s t i n g  are p resen ted  i n  

Table V I .  I n  bo th  s t a g e s ,  t h e  b l ades  were weighed p r i o r  t o  t e s t i n g ,  and 

fo l lowing  t e s t i n g  were weighed twice, once a f t e r  a s u p e r f i c i a l  b rush  c l e a n i n g  

( t o  remove s u r f a c e  oxide and/or l oose  Poreign material) ,  and then  a g a i n  a f t e r  

a vapor b l a s t *  c l e a n i n g .  I t  can be seen  i n  Table  V I  t h a t  t h e  U-700 s t a g e  two 

- 1  

i 

b l ades  e x h i b i t e d  a n  average  i n c r e a s e  i n  weight of 0.013 pe rcen t .  Corresponding- 

l y ,  t h e  TZM b lades  ( p r e s e n t  on ly  i n  s t a g e  two) r evea led  a weight loss of 0.035 

I 
1 
1 

I 
i 
J percen t  and t h e  TZC b lades  showed t h e  same weight loss  of 0.035 p e r c e n t .  

F igure  57 shows overall views of stage one and two wheels w i th  some of 

t h e  b lades  removed f o r  dovetail i n s p e c t i o n .  The o v e r a l l  mechanical i n t e g r i t y  

of both s t a g e s  was found t o  be good. F igu res  58 and 59 show c l o s e r  views of 

segments of b l ades  i n  t h i s  assembly wi th  cor responding  i n d i c a t i o n s  of b l ade  

material and accumulated t e s t i n g  hours .  F igure  60 shows t h e  o v e r a l l  c o n d i t i o n  

of t h e  wheel d o v e t a i l  connec t ions  of bo th  s t a g e s .  N o  evidence of f r e t t i n g ,  

g a l l i n g ,  or c o r r o s i v e  d e t e r i o r a t i o n  on e i t h e r  b l ade  or wheel d o v e t a i l s  was 

observed fo l lowing  t h e  3000-hour t es t .  

*Light b l a s t  u s i n g  s l u r r y  of water and S i l i c e o u s  E a r t h  #1250 NVB manufactured 

by Vapor B l a s t  Manufacturing Company. 
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The c e n t r a l  t i e - b o l t  (U-700) and t h e  s h a f t  (A286) are shown i n  F igu res  

61  and 62, r e s p e c t i v e l y .  I t  can  be s e e n  that  t h e  s ta t ic  seals (a Bar-X seal  

on t h e  t i e - b o l t  and a chevron seal on t h e  s h a f t ,  as  shown i n  F igu re  1) were 

b o t h  e f f e c t i v e  i n  p reven t ing  mig ra t ion  of potassium in to  t h e  i n n e r  s h a f t  bore,  

and t h e  mig ra t ion  of o i l  forward under t h e  hydrodynamic seal s l e e v e  on t h e  

s h a f t ,  r e s p e c t i v e l y .  I n  F igu re  61  t h e  dark  area forward of t h e  seal  l o c a t i o n  

on t h e  t i e - b o l t  is  a n  area of ox id i zed  potassium, whi le  t h e  r eg ion  immediately 

a f t  of t he  seal  has remained t o t a l l y  c l ean .  S i m i l a r l y ,  t h e  seal  i n t e r f a c e  on 

t h e  s h a f t  can be seen  i n  F igu re  62. 

4. Bearing Housing Inspec t ion  

The components i n  t h e  b e a r i n g  housing assembly are shown i n  F igu res  

63  through 66. F igure  63a shows t h e  bea r ing  housing immediately a f t e r  removal 

from the  s c r o l l ,  before--removal of t h e  bellows expansion s h i e l d  and hydro- 

dynamic s h i e l d  assembly. A t  i t s  forward end, t h e  hydrodynamic seal  n i c k e l  

i n n e r  diameter can be seen  t o  have rubbed. Also, upon disassembly, i t  was 

d iscovered  t h a t  t h e  p rev ious ly  r e p o r t e d  l e a k  i n  t h e  expansion h e a t  s h i e l d  

cover was due t o  an  e lec t r ic  arc-blown hole  i n  t h e  c y l i n d r i c a l  s e c t i o n .  This  

is presumed t o  have happened du r ing  assembly-welding p r i o r  t o  t h e  test. How- 

e v e r ,  t he  bellows s e c t i o n  of t h i s  cover was found to  be t i g h t ,  thereby  success-  

f u l l y  undergoing 5000 hours of t e s t i n g .  The b e a r i n g  housing, fo l lowing  removal 

of t h i s  bellows h e a t  s h i e l d  assembly and t h e  hydrodynamic seal ,  is  shown i n  

F igure  63b. This  disassembly r evea led  some rubbing of t h e  l a b y r i n t h  seals 

(as r epor t ed  i n  F igu res  41 through 46). These rubs  r e s u l t e d  i n  a c o l d  d i a m e t r a l  

c l ea rance  i n c r e a s e  of 0.004 inches  on both  l a b y r i n t h  seals, which occurred  i n  

t h e  copper p l a t i n g ,  w i th  e s s e n t i a l l y  no change i n  seal t e e t h  d iameter .  
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Figure  64 shows t h e  hydrodynamic seal a f t e r  s e p a r a t i o n  from t h e  b e a r i n g  

housing, and t h e  removal of i ts  potassium supply tubes .  This  component i s  

s t r u c t u r a l l y  i n t a c t  w i th  dimensional changes recorded  i n  F igu res  41 through 

46. 

A photograph of t h e  pivoted-pad bea r ing  pads a f t e r  tes t  i s  shown i n  F igu re  

65. The only  damage i n c u r r e d  t o  t h i s  component i n  3000-hour t e s t i n g  w a s  t h e  

s l i g h t  s c o r i n g  of t h e  s u r f a c e s  due t o  f o r e i g n  material, and t h e  opening of 

t h e  d i ame t ra l  c l e a r a n c e  of 0.0015 inches .  The j o u r n a l  d i d  n o t  measurably 

change i n  dimension as i n d i c a t e d  i n  F igu res  41 through 46. 

F igure  66 shows t h e  b a l l  bea r ing  assembly, i n d i c a t i n g  t h e  b a l l  b e a r i n g  

c o n t a c t  s u r f a c e s  to be completely f r e e  of any s p a l l i n g  or wear i n d i c a t i o n s .  

Th i s  assembly showed s l i g h t  wear grooves on t h e  O.D. o f  t h e  o u t e r  race, thereby 

i n d i c a t i n g  r o t a t i o n  of  t h i s  race i n  i t s  housing, a l though  no a s s o c i a t e d  loss  

i n  i t s  f u n c t i o n i n g  c h a r a c t e r i s t i c s  were observed. 

L 

F' 
W', 

B . METALLURGICAL EVALUATION 

1. Turbine Rotor Blades 

a .  Macropho tographs 

The appearances of t h e  convex a i r f o i l  s u r f a c e s  of U - 7 0 0  f i r s t -  

and second-stage b lades  a f t e r  t h e  3000-hour tes t  are shown i n  F igu re  67. 

Photographs are inc luded ,  f o r  comparison purposes,  of t h e  2000-hour test  b l ades .  

The 3000-hour b l ades  e n t e r e d  t h e  test as new b lades ;  t h e  5000-hour b lades  had 

been s u b j e c t e d  t o  both  2000-hour and 3000-hour tests. Note t h a t  i n  t h e  2000- 

and 3000-hour tes t  b l ades  t h e r e  i s  l i t t l e  v i s i b l e  ev idence  of l i q u i d  metal  
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cor ros ion ,  and t h a t  t h e  s t a i n  p a t t e r n s  i n d i c a t e  areas i n  which s e p a r a t i o n  of 

flow occurred  and l i q u i d  metal d r o p l e t s  may have accumulated. 

The c o n d i t i o n  of t h e  convex a i r f o i l  s u r f a c e s  of molybdenum base  TZM and 

TZC b lades  is shown i n  F igure  68. While c o r r o s i o n  traces a long  t h e  convex 

l e a d i n g  edge appear  more v i s i b l e  i n  t h e  5000-hour photos, t h e  g r e a t e r  p o r t i o n  

of t h i s  c o r r o s i o n  was i n  evidence a f t e r  t h e  2000-hour test. A new TZM blade ,  

i n s t a l l e d  i n  only t h e  3000-hour test, exper ienced  on ly  l i g h t  c o r r o s i o n  traces 

i n  t h i s  a r e a ,  whereas those  b l ades  t e s t e d  f o r  a t o t a l  of 5000 hours ( i n  both  

t h e  2000- and 3000-hour tests) had l a r g e r  c o r r o s i o n  traces. 

The l a c k  of l i q u i d  metal impact damage on the  convex l e a d i n g  edge of t h e  

f i r s t - s t a g e  b l ades  i s  c lear ly  i n d i c a t e d  i n  F igu re  69. A s imi l a r  absence of 

impact e r o s i o n  i n  second-stage U-700 and TZC b lades  is  shown i n  F igu re  70. 

Once aga in  t h e  c o r r o s i o n  traces on two TZC b lades ,  tested f o r  2000 hours and, 

subsequently,  f o r  3000 hours,  are  noted i n  areas away from expected impact 

1 

e r o s i o n  s u r f a c e s .  

A n  examination of t h e  appearance of the  b lade  s u r f a c e s  a t  a magni f ica t ion  

of 1 O X  i s  p o s s i b l e  f o r  convex mid-chord, concave l e a d i n g  edge, and convex 

t r a i l i n g  edge l o c a t i o n s  i n  F igu res  71 through 75. F igure  71 shows t h e  s u r f a c e s  

of U-700 f i r s t - s t a g e  and second-stage b l ades  on t h e  convex s u r f a c e  from t h e  

l e a d i n g  edge t o  t h e  mid-chord p o s i t i o n .  These f i r s t - s t a g e  b l ades  s t i l l  show 

t h e  mechanical impact damage done i n  earlier steam t u r b i n e  t e s t i n g  i n  which 

s o l i d  par t ic les  impinged upon t h e  b l ades ;  however, t h e r e  is no ev idence  of l i q u i d  

metal impact damage. The second-s tage  b lade  t e s t e d  f o r  3000 hours had not been 
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prev ious ly  t e s t e d  i n  e i t h e r  potassium or steam; its r e l a t i v e l y  una f fec t ed  

l e a d i n g  edge s u r f a c e  c l e a r l y  i n d i c a t e s  t h e  absence of impact e r o s i o n .  

The r e l a t i v e  absence of  concave l e a d i n g  edge c o r r o s i o n  du r ing  t h e  3000- 

hour tes t ,  i s  shown i n  F igu re  72. I n  t h e  f i r s t  s t a g e ,  t h e  3000-hour test 

b lade  was wi thout  e v i d e n t  s u r f a c e  c o r r o s i o n  whereas t h e  b l ade  tested f o r  

5000 t o t a l  hours s t i l l  r e t a i n e d  t h e  l e a d i n g  edge c o r r o s i o n  which occur red  

i n  t h e  2000-hour p o r t i o n  of i t s  test. While c o r r o s i o n  comparisons are n o t  

a s  s t r i k i n g  i n  t h e  second-s tage  b lades ,  a comparison of t h e  2000-hour test 

b l ade  and t h e  3000-hour test b l ade  show t h e  former t o  be much more a f f e c t e d .  

The c o r r o s i o n  i n  t h e  f i r s t  2000 hours and t h e  l a c k  of c o r r o s i o n  i n  t h e  

l a t te r  3000 hours of t e s t i n g  i s  be l i eved  t o  be a s s o c i a t e d  wi th  two f a c t o r s  

which changed between t h e  2000-hour and 2000-hour tests. F i r s t ,  a change 

was made i n  t h e  i n l e t  &ow c o n d i t i o n  t o  t h e  t u r b i n e  rotor which a p p a r e n t l y  

r e s u l t e d  i n  reduced s t a g n a t i o n  p a r t i c u l a r l y  a t  t h e  l e a d i n g  edge of the  b l ades  

and second, t h e  oxygen contaminat ion  i n  t h e  loop  was t empora r i ly  h igh  on ly  

du r ing  t h e  f i r s t  s t a r t u p .  The f i r s t  f a c t o r  is d i scussed  below; t h e  second 

is t r e a t e d  i n  more d e t a i l  under s e c t i o n  V.B.2. 

Shown i n  F igu re  73 a r e  t h e  p r e d i c t e d  i n l e t  v e l o c i t y  v e c t o r  diagrams f o r  

t h e  3000-hour endurance t es t .  The a n g l e  of i nc idence  on t h e  f i r s t  s t a g e  rotor 

blade  inc reased  from -18.4 t o  +4.2 degrees  from t h e  2000- t o  t h e  3000-hour 

endurance test .  This  w a s  due t o  t h e  change i n  matching between t h e  two s t a g e s  

which was caused by t h e  use  of t h e  new s t a t o r - b l a d e  assembly. 
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Since  a more p o s i t i v e  a n g l e  of i nc idence  r e s u l t s  i n  a smaller tendency 

f o r  l o c a l  flow s e p a r a t i o n  j u s t  downstream of t h e  l e a d i n g  edge on t h e  p r e s s u r e  

s u r f a c e ,  t h e r e  would be less tendency for t h e  c o l l e c t i o n  of mois ture  i n  t h e  

3000-hour tes t  than  i n  t h e  2000-hour test .  T h i s  may have had a b e n e f i c i a l  

influence on t h e  amount of c o r r o s i o n  observed near  t h e  l e a d i n g  edge of t h e  

f i r s t -  and second-stage r o t o r  b l ades .  The apparent  absence of s u b t l e  l e a d i n g  

edge c o r r o s i o n  s t a i n s  i n  t h e  b lade  s u b j e c t e d  t o  a t o t a l  of 5000 hours t e s t i n g  

may have r e s u l t e d  from a low l e v e l  c l e a n i n g  of t he  2000-hour c o r r o s i o n  s t a i n  

which may have occurred  du r ing  t h e  subsequent 3000-hour test. 

1 

S i m i l a r l y ,  t h e  t r a i l i n g  edge c o r r o s i o n  of U-700 blades  noted i n  t h e  3000- 

hour tes t  was n e g l i g i b l e  as coinpared t o  t h a t  observed i n  t h e  2000-hour test; 

F i g a r e  74 i l l u s t r a t e s  t h i s  w e l l  and i n d i c a t e s  t h e  second-stage c o r r o s i o n  

e f fec ts  are, i n  g e n e r a 1 , d e s s  than  those  observed on t h e  f i r s t  s t a g e ,  pro- 

bably as t h e  r e s u l t  of lower temperatures i n  t h e  second s t a g e .  

A comparison of  va r ious  a i r f o i l  s u r f a c e s  i n  t h e  second-stage TZC and 

U-700 b lades  t e s t e d  for 5000 hours i s  shown i n  F igu re  75. The g r e a t e r  

c o r r o s i o n  i n  t h e  TZC a l l o y  would be expec ted  i n  potassium t empora r i ly  con- 

taminated wi th  oxygen or i n  a m u l t i m e t a l l i c  system i n  which t h e  l i m i t e d  

amount of r e f r a c t o r y  a l l o y  would ac t  t o  c o n c e n t r a t e  t h e  e f f e c t s  of minor 

oxygen impur i ty  l e v e l s  ove r  a n  extended tes t  pe r iod .  

Although t h e  ev idences  of c o r r o s i o n  i n  t h e  TZC molybdenum alloy arc 

g r e a t e r  than  i n  t h e  U-700 a l l o y ,  they  s t i l l  do no t  r e p r e s e n t  a s e r i o u s  threat 

t o  t h e  s a f e t y  of t h e  t u r b i n e .  Furthermore, t h e  more n o t i c e a b l e  c o r r o s i o n  of 
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1 
*I 

t h e  TZC occur red  du r ing  t h e  2000-hour test .  Based upon o t h e r  evidence, t o  

be d i scussed  below ( s e e  s e c t i o n '  V.B.Z.), t h e  g ross  co r ros ion ,  e v i d e n t l y ,  

occur red  du r ing  i n i t i a l  t u r b i n e  s t a r t u p  of t h e  2000-hour test when oxygen 

impurity l e v e l s  were h ighe r  than  usua l ,  and t h e  c o r r o s i o n  d i d  n o t  p rogres s  

s i g n i f i c a n t l y  du r ing  t h e  3000-hour test .  

b.  Rotor Blade Weight Change 

The b lade  weight changes a f t e r  bo th  t h e  2000-hour and 3000-hour 

tests are summarized i n  Table  VI1 and shown i n  b a r  form i n  F igu re  76 f o r  com- 

p a r a t i v e  purposes .  The weight changes are g iven  i n  percentages  of o r i g i n a l  

weight and are compared i n  t h e  as-steam-cleaned-and-brushed c o n d i t i o n  and a f t e r  

l i g h t  vapor b l a s t i n g  t o  remove loose  scale and s t a i n .  I t  should  be noted  that  

i n  comparison to  t h e  small changes i n  b lade  weight approximately 17,000 l b s  

of l i q u i d  flowed through t h e  t u r b i n e  each 1000 hours .  
L 

The previous  b l ade  h i s t o r y  and p r i o r  s u r f a c e  c o n d i t i o n  had l i t t l e  i n f l u e n c e  

on t h e  weight l o s s e s  i n  a d d i t i o n a l  t e s t i n g  as i n d i c a t e d  by a comparison of 

a p p r o p r i a t e  shaded and clear ba r  graphs comparing b lades  wi th  and wi thout  pre-  

v ious  potassium vapor test  exper ience .  

Weight l o s s e s ,  as t h e  r e s u l t  of vapor b l a s t i n g ,  were a good i n d i c a t i o n  of 

t h e  degree  of s u r f a c e  s t a i n  and loose  c o r r o s i o n  produce removed by t h i s  opera- 

t i o n .  Note t h a t  t h e s e  vapor b l a s t  weight changes were more s i g n i f i c a n t  i n  

b l ades  from t h e  2000-hour test  i n  which c o r r o s i o n  was more ev iden t ;  t h e  vapor 

b l a s t  weight changes were a l s o  more s i g n i f i c a n t  i n  t h e  f i r s t - s t a g e  b l ades  than 

i n  the  second-stage b l ades  of  t h e  2000-hour test  for t h e  same reason .  The 
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r e l a t i v e  c l e a n l i n e s s  of  t h e  3000-hour test and t h e  lesser c o r r o s i o n  exper ienced  

i n  3000-hour b l ades  is  i n d i c a t e d  by less s e v e r e  t o t a l  weight changes as w e l l  

as by a lesser weight change a f t e r  vapor b l a s t i n g .  

c .  T e n s i l e  S t r e n g t h  T e s t s  

The t e n s i l e  s t r e n g t h s  of b l ade  materials a f t e r  t h e  3 

test were determined on min ia tu re  t e n s i l e  test specimens machin 

, 

b l a d e s .  A t y p i c a l  b lade  and t e n s i l e  specimen i s  shown i n  F igure  77. 

The r e s u l t s  of room t e m p e r a t u r e  t e n s i l e  tests on U-700 b lade  materials 

a f t e r  3000-hour test exposure can be seen  i n  Table  VI11 and are shown g r a p h i c a l -  

l y  f o r  comparison wi th  u n t e s t e d  material i n  F igu re  78. Note t h a t  while t h e r e  

were some reduc t ions  i n  t e n s i l e  e longa t ion ,  t h e  mechanical prope 

f a i r l y  w e l l  maintained i n  t h e  U-700 t aken  from t h e  second-stage b lades ;  these 

b lades  ope ra t ed  a t  about  1240'F. In  t h e  f i r s t  stage, which ope ra t ed  a t  a 

h ighe r  temperature (about  1407OF), t h e  r educ t ion  i n  t e n s i l e  e l o n g a t i o n  and 

r educ t ion  i n  area i s  p rogres s ive  wi th  inc reased  test t i m e ;  a f t e r  5000 hours of 

t o t a l  t e s t i n g ,  t h e  t e n s i l e  e l o n g a t i o n  w a s  reduced t o  f i v e  pe rcen t  from a n  i n i t i a l  

1 

18-20 percen t .  As i n d i c a t e d  i n  Table VI I I ,  t h e  h igh  tempera ture  d u c t i l i t y  and 

s t r e n g t h  p r o p e r t i e s  were not  s i g n i f i c a n t l y  a f f e c t e d .  The loss of room tempera- 

t u r e  d u c t i l i t y  i n  t h e  f i r s t - s t a g e  b lades  is be l i eved  t o  be due t o  t h e  format ion  

of sigma phase a f t e r  long  pe r iods  of t e s t i n g ;  t h e  presence  of sigma phase was 

confirmed m e t a l l o g r a p h i c a l l y  as i n d i c a t e d  later i n  t h i s  r e p o r t .  

Minia ture  t e n s i l e  b a r s  were a l s o  machined from two TZC a l l o y ,  5000-hour 

t u r b i n e  b l ades  i n  t h e  s a m e  manner as those  from t h e  U-700 a l l o y  b lades ;  they 
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were t e s t e d  a t  room tempera ture  and a t  250’F. The t e n s i l e  r e s u l t s  p re sen ted  

i n  Table I X  i n d i c a t e  g e n e r a l l y  comparable s t r e n g t h s  and d u c t i l i t i e s  compared 

wi th  test specimens no t  exposed t o  t h e  t u r b i n e  tes t .  

Bend specimens were made from t h e  t r a i l i n g  edges of two TZC a l l o y ,  5000- 

hour b lades  and were t e s t e d  about  a 2T r a d i u s  wi th  t h e  convex surface i n  t e n s i o n  

t o  determine t h e  e f f e c t s  of s u r f a c e  d e p o s i t s ,  etc. on bend d u c t i l i t y .  The 

r e s u l t s ,  which are p resen ted  i n  Table  X, i n d i c a t e  a b r i t t l e - t o - d u c t i l e  t r a n s i -  

t i o n  tempera ture  between 125 and 250°F. 

The marginal low tempera ture  d u c t i l i t y  of t h e  TZC material i n  t h e  t u r b i n e  

b l ades  d i d  no t  become worse du r ing  t u r b i n e  test .  I n  s p i t e  of t h e  low d u c t i l i t y  

a t  room tempera ture  t o  250°F, a t u r b i n e  p rehea t  of approximately 700°F, which 

has been s u c c e s s f u l l y  used i n  the  p a s t  tests, should  con t inue  t o  provide  t h e  

r e q u i r e d  d u c t i l i t y  f o r ’ f u t u r e  s a f e  restarts of t h e  t u r b i n e  a f t e r  t h i s  amount 

of  t u r b i n e  test ing . 

In  ano the r  t ype  of experiment, dec reases  weie demonstrated i n  t h e  low 

temperature d u c t i l i t y  of r e f r a c t o r y  a l l o y  t e n s i l e  specimens exposed t o  the  

t u r b i n e  environment. T e n s i l e  test specimens were suspended i n  m e t a l  cages i n  

t h e  potassium vapor upstream and downstream of t h e  t u r b i n e .  A f t e r  performance 

t e s t i n g ,  t h e s e  t e n s i l e  specimens were t e s t e d  a t  room temperature and a t  e l e v a t e d  

tempera ture ,  The r e s u l t s  are shown i n  Table X I ,  where data is  a l s o  a v a i l a b l e  

€or comparisons w i t h  s imi l a r  materials n o t  s u b j e c t  t o  exposure i n  t h e  t u r b i n e  

f a c i l i t y .  
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The TZM t e n s i l e  specimens exposed a t  a tempera ture  of 1500°F ahead of 

t h e  t u r b i n e  f o r  3000 hours had a complete loss i n  room tempera ture  d u c t i l i t y .  

However, t h e r e  was s c a r c e l y  any d i f f e r e n c e  i n  t h e  1400°F t e n s i l e  p r o p e r t i e s  

f o r  t h e s e  TZM specimens. 

TZC tensi le  specimens had p rev ious ly  been t e s t e d  downstream of t h e  t u r b i n e  

f o r  1746 hours du r ing  t h e  2000-hour endurance test. The low temperature 

d u c t i l i t y  of t h e s e  TZC specimens was reduced some, b u t  t he  change w a s  no t  as 

severe as i n  t h e  TZM a l l o y ,  which w a s  l o c a t e d  i n  a h ighe r  tempera ture  r eg ion  

du r ing  endurance t e s t i n g .  On t h e  o t h e r  hand, TZC specimens t e s t e d  downstream 

of t h e  t u r b i n e  f o r  3000 hours showed much more decided r educ t ions  i n  d u c t i l i t y  

and a n  i n c r e a s e  i n  y i e l d  s t r e n g t h  a t  150'F and a t  1400°F. The h i g h  tempera ture  

p r o p e r t i e s  of TZC a f t e r  t h i s  exposure were no t  adve r se ly  a f f e c t e d ,  as i n d i c a t e d  

by t h e  1400°F t e n s i l e  test  va lues .  While i t  appea r s  t h a t  t h e  b r i t t l e - t o - d u c t i l e  

t r a n s i t i o n  tempera tures  of t h e s e  molybdenum a l l o y s  have been r a i s e d ,  t h e  

a v a i l a b i l i t y  of t u r b i n e  prehea t  du r ing  t u r b i n e  s t a r t u p  should  avo id  t h e  con- 

sequences of t h i s  b r i t t l e  c h a r a c t e r i s t i c  du r ing  t u r b i n e  t e s t i n g .  

AS-30 columbium a l l o y  t e n s i l e  specimens were a l s o  exposed for 3000 hours 

downstream of t h e  t u r b i n e  to  determine t h e  e f f e c t s  of the  potassium vapor en- 

vironment on t h e i r  mechanical p r o p e r t i e s ;  i t  had earlier been decided no t  t o  

i n s t a l l  columbium a l l o y  b l ades  i n  t h e  t u r b i n e  because of t h e i r  r a p i d  s u r f a c e  

contamination i n  t h e  t u r b i n e  f a c i l i t y .  The t e n s i l e  test specimens were em-  

b r i t t l e d  by t h i s  exposure as i n d i c a t e d  by t h e i r  poor room temperature d u c t i l -  

i t y ;  bu t  t h e  h igh  temperature t e n s i l e  c h a r a c t e r i s t i c s  remained r e l a t i v e l y  un- 

changed. 



J 

3 
. J  

i 
J I 

- 

Both t h e  g e t t e r i n g  columbium-base a l l o y ,  AS-30, and t h e  less a c t i v e  

molybdenum-base a l l o y ,  TZM, were e m b r i t t l e d  a t  room tempera ture  by exposure 

t o  t h e  t u r b i n e  environment. T h i s  dec rease  i n  d u c t i l i t y  was a t t r i b u t e d  t o  

s u r f a c e  contaminat ion  of t h e  specimens. The h i g h e r  exposure temperature of 

t h e  TZM may have been p a r t i a l l y  r e s p o n s i b l e  f o r  i t s  i n c r e a s e d  s e n s i t i v i t y  t o  

embr i t t l ement ;  n e v e r t h e l e s s ,  t h e  loss of  room tempera ture  d u c t i l i t y  i n  t h e  

TZM a l l o y  was a somewhat unexpected f i n d i n g  which p o i n t s  t o  t h e  need f o r  

f u r t h e r  e v a l u a t i o n  of t h e  e f f e c t  of m u l t i m e t a l l i c  t u r b i n e  f a c i l i t y  o p e r a t i o n  

on  r e f r a c t o r y  a l l o y  p r o p e r t i e s .  In a completely r e f r a c t o r y  a l l o y  sys t em,  

however, i t  is probable  t h a t  t h i s  type  of r e a c t i o n  and accompanying loss of 

low temperature d u c t i l i t y  of t h e  TZM a l l o y  would n o t  occur .  

d .  Microexamination of U-700 Allov Rotor Blades 

S ince  some new t u r b i n e  b l ades  were i n s t a l l e d  i n  bo th  t u r b i n e  
L 

s t a g e s  f o r  t h e  3000-hour endurance test, b lades  having 2000 hours,  3000 hours ,  

and 5000 hours of endurance test t i m e s  were a v a i l a b l e  f o r  e v a l u a t i o n  and com- 

p a r i s o n  a t  t h e  end of t e s t i n g .  In  t h e s e  b l ades ,  a s  i n  those  from t h e  2000-hour 

tes t ,  ev idences  were noted  of s u r f a c e  a l l o y  d e p l e t i o n ,  l o c a l i z e d  co r ros ion ,  

t h i n  d e p o s i t s  bo th  of copper and of o t h e r  metallic mass t r a n s f e r  elements,  and 

t h e  formation of t h e  e m b r i t t l i n g  sigma phase.  

Microscopic examination q f  t u r b i n e  b l ades  from 3000-hour endurance test 

d i d  no t  r e v e a l  any s t r u c t u r e s  of phases which had no t  p rev ious ly  been observed J 

i n  t h e  2000-hour endurance tes t  b l ades .  
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Alloy d e p l e t i o n  of t h e  s u r f a c e  material of t h e  3000-hour, U-700 a l l o y  

b l ades  was observed t o  be of t h e  same meta l log raph ic  n a t u r e  as t h a t  observed 

i n  t h e  2000-hour test b lades ;  i n  those  b lades ,  e l e c t r o n  microprobe techniques  

For tes t  pe r iods  of 2000, 3000, or 5000 hours, t h e  f i r s t - s t  ades  I 
appeared t o  have less to t a l  s u r f a c e  a f f e c t e d  by d e p l e t i o n  than  t h  

b l ades ,  bu t  t h e  e f f e c t s  were deeper i n  t h e  f i r s t - s t a g e  b l a d e s .  F igu re  79 i s  1 
r e p r e s e n t a t i v e  of t h e  a l l o y  d e p l e t i o n  found t o  a depth  of 114 to  112 m i l  on 

t h e  convex s u r f a c e  of a f i r s t - s t a g e ,  5000-hour tes t  b lade .  

A 0.1-mil t h i c k ,  uniform dep le t ed  layer  extended over  t h e  en t i re  convex 

s u r f a c e  of t h e  second-s tage7  5000-hour b lade  a i r f o i l ;  F igu re  80 i s  t y p i c a l  o f  

t h i s  t h i n  l a y e r .  The d e p l e t i o n  l a y e r  appeared t o  have poor i n t e g r i t y  and 

1 

adhes ion  t o  t h e  under ly ing  metal i n  most l o c a t i o n s  as evidenced by t h e  pre- 

sence  of l o c a l  e r u p t i o n s  and gene ra l  s p a l l i n g ,  which are seen  i n  a l o c a l l y  

s e v e r e  case  of a l l o y  d e p l e t i o n  i n  F igure  81. 

Macroscopic c o r r o s i o n  of t h e  U-700 a l l o y  b l ades  appeared t o  be much less 
1 
i . *a 

f o r  t h e  3000-hour, U-700 blades  than t h a t  exper ienced  i n  t h e  2000-hour test, 

p a r t i c u l a r l y  a t  t h e  l e a d i n g  and t r a i l i n g  edges and a t  o t h e r  p l a c e s  where 

aerodynamically in f luenced  c o r r o s i o n  had occurred  i n  t h e  2000-hour test .  

This  i s  i n d i c a t e d  by F igu res  82 and 83 which show e q u i v a l e n t  areas of t h e  

convex s u r f a c e s  of a 2000-hour test b l ade  and a 3000-hour t es t  b lade ,  re- i 
I 

s p e c t i v e l y .  
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A c r o s s  s e c t i o n  of a c o r r o s i o n  groove l o c a t e d  on t h e  convex s u r f a c e  

approximately mid-chord of a 3000-hour, f i r s t - s t a g e  b l ade  is  p resen ted  i n  

F igure  84. Note t h a t  t h e  immediate area i s  e s s e n t i a l l y  f r e e  of a l l o y  de- 

p l e t i o n  and t h e  presence  of s u r f a c e  d e p o s i t s  of d i f f u s i o n  zones. Grooves 

and channels of t h i s  k ind  are presumed t o  have been formed by t h e  c o r r o s i v e  

a c t i o n  of f r e s h l y  condensed potassium be ing  moved a l o n g  t h e  a i r f o i l  by t h e  

aerodynamic f o r c e s  of t h e  vapor stream. Corros ion  grooves and channels  were 

observed on p r a c t i c a l l y  a l l  a i r f o i l  s e c t i o n s  examined; o c c a s i o n a l l y  a groove, 

which had formed dur ing  t h e  2000-hour test, had been f i l l e d  t o  a smooth contour  

by metall ic material t r a n s f e r r e d  du r ing  t h e  3000-hour test .  Those b l ades  

which had a t o t a l  test t i m e  of 5000 hours r e f l e c t e d  a combination of t h e  ae ro -  

dynamically in f luenced  c o r r o s i o n  p a t t e r n s  from each  of the s e p a r a t e  t u r b i n e  

test  c o n d i t i o n s .  

1- 

Microscopica l ly ,  evidence of c o r r o s i v e  a c t i o n  on t h e  i n t e r g r a n u l a r  c a r b i d e  

network w a s  observed i n  t h e  format ion  of a f i s s u r e  i n  a f i r s t - s t a g e ,  5000-hour 

b lade  on t h e  convex s u r f a c e  nea r  t h e  t r a i l i n g  edge. T h i s  f i s s u r e ,  which m e a -  

s u r e s  approximately 0.002-inch deep and is shown i n  F igu re  85, appea r s  t o  be 

covered over  by a layer of d e p l e t e d  a l l o y ,  or else i t  e x i s t e d  i n  t h e  b l ade  a t  

manufacture and w a s  covered over  wi th  a l a y e r  of metal l ic  t r a n s f e r r e d  material 

dur ing  t u r b i n e  o p e r a t i o n .  This  was t h e  on ly  such f i s s u r e  observed i n  a l l  of 

t h e  b lade  s e c t i o n s  examined and would n o t  appear t o  be d e t r i m e n t a l  t o  t u r b i n e  

b l ade  i n t e g r i t y .  

A bronze-colored d e p o s i t  w a s  observed on s e v e r a l  of t h e  3000-hour test 

components a t  d isassembly .  F igu re  86 shows t h e  a f t  view of  t h e  szcond-s tage  
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nozzle  diaphragm where a n  e x t e n s i v e  bronze-colored d e p o s i t  w a s  found. This  

w a s  t h e  l a r g e s t  metallic d e p o s i t  which occurred  du r ing  a l l  of t h e  t u r b i n e  

t e s t i n g .  Spec t rog raph ic  a n a l y s i s  of t h i s  d e p o s i t  showed t h a t  i t  con ta ined  a 

major amount of i r o n ,  minor amounts of n i c k e l ,  chromium, copper, t i t an ium,  and 

zirconium, and trace amounts of less s i g n i f i c a n t  e lements .  The bronze c o l o r  of 

t h e  depos i t  may have been due e i t h e r  t o  i t s  copper c o n t e n t  or t o  bronze-colored 

suboxides of t i t a n i u m .  Bronze-colored d e p o s i t s  con ta in ing  p r i m a r i l y  t i t a n i u m  

wi th  trace amounts of copper were found on r e f r a c t o r y  a l l o y  b l ades ,  as desc r ibed  

below. These m e t a l l i c  d e p o s i t s  were, undoubtedly, picked up from t h e  Type 316 

stainless s teel  b o i l e r  and from t h e  ho t  t r a p s ,  c a r r i e d  t o  t h e  t u r b i n e  as  s o l u t e  

i n  l i q u i d  metal d r o p l e t s ,  and depos i t ed  t h e r e  as t h e  r e s u l t  of evapora t ion  of 

t h e  l i q u i d  potassium. 

A copper - r ich  phase-was observed i n  3000-hour, U - 7 0 0  t u r b i n e  blades;  i t  

was s i m i l a r  t o  t h a t  observed i n  2000-hour tes t  b lades ,  where i t  was i d e n t i l i e d  

as copper by e l e c t r o n  microprobe examination. I n  t h e  3000-hour b lades ,  t h i s  

phase appeared n o t  t o  be l i m i t e d  t o  any p a r t i c u l a r  a i r f o i l  or d o v e t a i l  l o c a t i o n  

bu t  was p r e s e n t  wherever a m e t a l l i c  d e p o s i t  had formed. The phase was more 

p reva len t  i n  t h e  f i r s t - s t a g e  b l ades .  I n  gene ra l ,  t h e  depth  of t h e  phase was 

in f luenced  by d i f f u s i o n  rates; t h e  f i r s t - s t a g e  b lades ,  which ope ra t ed  a t  t h e  

h ighe r  temperature,  and those  b l ades  which were t e s t e d  for l onge r  times con- 

t a i n e d  t h e  copper t o  a g r e a t e r  depth .  A t y p i c a l  example of t h i s  phase which 

occurred  near  t h e  t r a i l i n g  edge on t h e  convex s u r f a c e  of a f i r s t - s t a g e ,  U-700, 

5000-hour b lade  is shown i n  F igu re  87. During t h e  5000 hours i t  has pene t r a t ed  

only  3/4 m i l .  F i s s u r e s  through t h i s  phase t o  t h e  under ly ing  b lade  m a t e r i a l  are  

P 

- i  
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shown i n  F igu res  88 and 89 of a f i r s t - s t a g e ,  U-700, 3000-hour b lade .  These 

I 

1 

i 

f i s s u r e s  were n o t  observed i n  t h i p n e r  d i f f u s i o n  zones i n  2000-hour t e s t  b l ades .  

Close examination of F igu res  88 and 89 i n d i c a t e s  t h a t  (1) t h e  f i s s u r e s  were 

produced by c o r r o s i o n  between p a r t i c l e s  of t h e  coppe r - r i ch  phase and (2) they  

were not  c r a c k s .  

The format ion  of t h e  e m b r i t t l i n g  sigma phase w a s  observed i n  t h e  3000- 

hour,  U-700 a l l o y  b lades  i n  t h e  f i r s t  s t a g e  on ly .  The ex ten t  of sigma phase 

format ion  is  known t o  have a d i r e c t  t i m e  and temperature dependency; t h i s  i s  

d r a m a t i c a l l y  i l l u s t r a t e d  by t h e  photomicrographs p re sen ted  i n  F igu re  90 i n  

which s e c t i o n s  of f i r s t -  and second-s tage  b lades  t e s t e d  f o r  2000, 3000, and 

5000 hours are shown f o r  comparison. The l a r g e s t  amount of sigma phase i s  

appa ren t  i n  t h e  f i r s t - s t a g e  b lades  having t h e  longer  exposure t i m e s  a t  t h e  

h ighe r  o p e r a t i n g  tempera ture .  The presence  of  sigma phase e f f e c t i v e l y  de- ._ 
c r e a s e s  t h e  t e n s i l e  d u c t i l i t y  of t e n s i l e  specimens e x t r a c t e d  from t e s t e d  

b lades  as d i scussed  above. 

S ince  t h e  procurement of t h e  U-700 a l l o y  f o r  t h i s  t u r b i n e  p r o j e c t ,  much 

e f f o r t  has been expended i n  t h e  aerospace  i n d u s t r y  t o  d e f i n e  t h e  cause and t o  

e l i m i n a t e  t h e  format ion  of t h e  e m b r i t t l i n g  sigma phase i n  s u p e r a l l o y s .  A t  

p r e sen t ,  t h e  chemical a n a l y s i s  of many such a l l o y s  is c o n t r o l l e d  t o  prevent  

t h e  formation of sigma phase.  This  i s  accomplished by a mathematical  a n a l y s i s *  

11 * G . E .  S p c e i f i c a t i o n  E50TF28, E l e c t r o n  Vacancy Number C a l c u l a t i o n s ” .  
* I  See also: Woodyatt, L.R.,  Sim, C.T., and Beattie, H .  J., Jr., P r e d i c t i o n  

of Sigma Type Phase Occurrence from Compositions i n  A s t e n i t i c  
Supe ra l loys” ,  Trans .  A. I .M.E. ,  V236, A p r i l  1966, pp 519-26. 
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of t h e  composition of t h e  h e a t  of material under s tudy .  The elements,  i n  t h e  

amounts r e q u i r e d  t o  form t h e  predominantly s t a b l e  p r e c i p i t a t e d  phases, are 

f i r s t  i d e n t i f i e d ;  t h e  composition of t h e  r e s i d u a l  ma t r ix  is then  c a l c u l a t e d ,  

and i t  is used, i n  t u r n ,  t o  calculate t h e  mean e l e c t r o n  vacancy number of t h e  

mat r ix  from t h e  fo l lowing  equa t ion :  

where : 

- 
Nv = average  e l e c t r o n  vacancy number 

m = t h e  atomic f r a c t i o n  of  a p a r t i c u l a r  element 

= i n d i v i d u a l  e l e c t r o n  vacancy number of t h e  
p a r t i c u l a r  element NV 

n = number of e lements  i n  t h e  ma t r ix .  - 
The e l e c t r o n  vacancy numbers of a l a r g e  number of a l l o y s  have been c a l -  

c u l a t e d .  Sigma-free a l l o y s  have numbers less than  2.52 whi le  t hose  which 

form sigma phase have numbers g r e a t e r  than  2.52. S ince  t h e  nominal va lue  of 

t h e  e l e c t r o n  vacancy number f o r  t h e  ma t r ix  of U-700 a l l o y  i s  c l o s e  t o  2.52, 

i t  is necessary  t o  c a l c u l a t e  t h e  a c t u a l  va lue  based upon chemical a n a l y s i s  

of  t h e  hea t  t o  determine whether or n o t  t h e  a l l o y  is prone t o  format ion  of 

sigma phase. Cur ren t  s p e c i f i c a t i o n s  f o r  U-700 a l l o y  i n  e i t h e r  cast  or  wrought 

form r e q u i r e  t h a t  t h e  average  e l e c t r o n  vacancy number be less than  2 .32  i n  o r d e r  

t o  be r e s i s t a n t  t o  t h e  format ion  of sigma base  over  long  pe r iods  of o p e r a t i o n  

a t  e l e v a t e d  tempera tures .  Material c u r r e n t l y  used, and i n  which sigma phase 

formed, had a n  e l e c t r o n  vacancy number of 2.502. 

work t h e  use of U-700, a t  tempera tures  where sigma phase can form, w i l l  t a k e  

advantage of a l l o y s  t h u s  c o n t r o l l e d .  

In  f u t u r e  potassium t u r b i n e  
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e. Microexamination of Ref rac to ry  Alloy Rotor Blades 
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A meta l log raph ic  comparison w a s  made of t h e  r e l a t i v e  degree  of  

co r ros ion  i n  t h e  2000-, 3000-, and 5000-hour t e s t  b l ades  on t h e  convex mid- 

chord s e c t i o n  of the  a i r f o i l  where aerodynamically in f luenced  c o r r o s i o n  was 

observed. The 3000-hour test b lade  exper ienced  on ly  l i g h t  s u r f a c e  c o r r o s i o n  

and s t a i n s  i n  t h i s  area; t h e  b l ades  exposed du r ing  t h e  2000-hour test  ( i n c l u d i n g  

those  subsequent ly  t e s t e d  for a n  a d d i t i o n a l  3000 hours) e x h i b i t e d  a c t u a l  coryo- 

s i o n  grooves t o  depths  of 2 .5  t o  4 m i l s .  F igu res  9 1  through 9 3  i l l u s t r a t e  t h a t  

t h e  c o r r o s i o n  grooves observed i n  t h e  2000-hour test d i d  no t  e n l a r g e  d u r i n g  

t h e  subsequent 3000-hour test. I t  should  a l s o  be noted t h a t  t h e  TZU b l a d e s  

i n s t a l l e d  new a t  t h e  beginning of t h e  3000-hour test d i s c l o s e d  p r a c t i c a l l y  no 

d i s t i n c t  c o r r o s i o n  grooves a long  t h e  t i p ,  nor a l o n g  e i t h e r  t h e  concave l e a d i n g  

edge or t h e  convex t r a i l i n g  edge (as evidenced i n  F igu res  72 and 74) nor  on 

o t h e r  s u r f a c e s  as w e r e a b s e r v e d  on r e f r a c t o r y  a l l o y  b l ades  t e s t e d  f o r  2000 

hours .  The TZM and TZC b lades  which accumulated 5000 hours t e s t i n g  t i m e  had, 

of course ,  r e t a i n e d  t h e  c o r r o s i o n  grooves and d e p o s i t s  which they  had accumu- 

l a t e d  dur ing  t h e  2000-hour tes t .  

A s  r e p o r t e d  above, t h e  U - 7 0 0  b l ades  from t h e  2000-hour t es t  were shown to 

c o n t a i n ?  by microprobe a n a l y s i s ,  a copper - r ich  phase which was t h e  r e s u l t  of 

copper d e p o s i t s  d i f f u s i n g  i n t o  t h e  n icke l -base  a l l o y .  The copper-colored de- 

p o s i t s  011 t h e  a i r f o i l  s u r f a c e s  of r e f r a c t o r y  a l l o y  b l ades  from t h e  3000-hour 

tes t  were presumed t o  be of t h e  same n a t u r e .  Spec t rog raph ic  a n a l y s i s  i n d i c a t e d  

t h a t  t h e s e  copper -co lored  d e p o s i t s  con ta ined  p r i m a r i l y  t i t a n i u m  wi th  on ly  a 

trace amount of copper.  The bronze, purp le ,  and b l ack  s u r f a c e  s t a i n s  observed 
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i n  me ta l log raph ic  examination are a t t r i b u t e d  t o  t h e  va r ious  

oxides .  Because of t h e  r e f r a c t o r y  n a t u r e  of t h e  molybdenum 

d i f f u s i o n  of t h e s e  s u r f a c e  contaminants i n t o  t h e  base  m e t a l  

forms of t i t a n i u m  

base a l l o y s ,  no 

was observed. 

F igure  94 of a TZM 5000-hour b lade  shows t h e s e  s e c t i o n s  i n  which copper- 

co lo red  d e p o s i t s  can be seen .  

A t h i n ,  uniform d e p o s i t  of metallic material, less than 0.1-mil t h i c k ,  

was observed on t h e  concave mid-chord s u r f a c e  of a 5000-hour TZM blade  as Shown 

i n  F igure  95. Note i n  F igure  96 t h a t  c o r r o s i o n  appea r s  t o  have taken  p l a c e  

through a s imi l a r  m e t a l l i c  f i l m ,  which was 0.1-mil t h i c k ,  and i n t o  t h e  base 

meta l  t o  a depth  of 0.1 m i l  on t h e  convex s u r f a c e  l e a d i n g  edge of a 3000-hour 

TZM test b l ade .  These c o r r o s i o n  p i t s  were n o t  p rev ious ly  observed i n  2000- 

hour tes t  b l a d e s .  They a r e  probably c r o s s  s e c t i o n s  of r a d i a l  grooves gene ra t ed  

by l i q u i d  potassium flowing on t h e  b l ade  subsequent t o  o r  du r ing  t h e  t i m e  of 

t h e  mass t r a n s f e r  of t h e  metal f i l m .  

2 .  Environmental C l e a n l i n e s s  

The c l e a n l i n e s s  of t h e  potassium vapor and l i q u i d  d r o p l e t  envi ron-  

ment dur ing  t u r b i n e  t e s t i n g  can have a d i r e c t  e f f e c t  on t h e  c o r r o s i o n  charac- 

t e r i s t i c s  of t u r b i n e  materials.  The s l i g h t l y  corroded appearance of t h e  t u r b i n e  

b l ades  from t h e  2000-hour test i n d i c a t e d  t h a t  test environment was less c l e a n  

than  t h e  environment du r ing  t h e  3000-hour tes t .  This  was confirmed by measure- 

ments of t h e  contamination g e t t e r e d  by r e f r a c t o r y  a l l o y  specimens iiisertcd i n  

t h e  test f a c i l i t y  and by i n t e r m i t t e n t  a n a l y s i s  of t h e  potassJ.um in t h e  condenser 

f o r  oxygen and carbon con ten t .  
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a .  Ref rac to ry -a l loy  Contamination Specimens 

In  a manner similar t o  t h a t  of t h e  2000-hour test, r e f r a c t o r y  

a l l o y  specimens were i n s t a l l e d  i n  t h e  f a c i l i t y  du r ing  t e s t i n g  i n  f r o n t  of 

and behind t h e  t u r b i n e .  These were i n s e r t e d  i n t o  t h e  f a c i l i t y  on Type 316 

s t a i n l e s s  s teel  probes as shown i n  F igu re  30. Various r e f r a c t o r y  a l l o y  r i n g  

specimens were i n s e r t e d  on t h e  probes p laced  w i t h i n  t h e  f a c i l i t y  and later 

removed f o r  a n a l y s i s  and/or  r ep laced  by new specimens du r ing  temporary shu t -  

downs of t h e  t u r b i n e  test f a c i l i t y ;  t h e s e  shutdowns occur red  a f t e r  814 tes t  

hours and a f t e r  2175 test hours .  Data cove r ing  t h e  weight changes of t h e s e  

specimens and t h e i r  C, 0, N, and H a n a l y s e s  ( t aken  wi th in  0.030-inch OP t h e  

exposed s u r f a c e )  are g iven  i n  Tables  XI1 through XV. The r e f e r e n c e  C, 0, N, 

and H ana lyses  for t h e  r e f r a c t o r y  a l l o y  specimens be fo re  test and t h e i r  

t y p i c a l  chemical compositions are g iven  i n  Table  X V I .  For convenience i n  

comparing t h e  test r e su 'n s  on t h e s e  specimens exposed t o  t h e  t u r b i n e  f a c i l i t y  

environment, t h e  d a t a  on changes i n  weight, carbon, oxygen, n i t r o g e n  and 

hydrogen c o n t e n t  are shown g r a p h i c a l l y  i n  F igure  97. The d a t a  are a r r anged  

t o  permit comparison of t h e  e f f e c t s  of va r ious  test pe r iods ,  of test l o c a t i o n s ,  

and of m a t e r i a l s  t ypes .  D a t a  from t h e  2000-hour test are a l s o  shown g r a p h i c a l l y  

because of t h e i r  importance f o r  comparison purposes.  

The contaminat ion  of r e f r a c t o r y  a l l o y s  i n  t h e  3000-hour test was very much 

less than t h a t  exper ienced  i n  t h e  2000-hour test. Th i s  is e v i d e n t  from t h e  

very low changes i n  weight and i n  oxygen and n i t r o g e n  c o n t e n t s  of t h e  F-48 

specimens i n  t h e  3000-hour test as compared t o  those  of t h e  2000-hour tes t .  

The s t a r t u p  and t h e  f i r s t  814 hours of t h e  3000-hour t es t  appear t o  have 
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occur red  i n  a r e l a t i v e l y  c l e a n  environment as i n d i c a t e d  by low weight changes 

and low contaminat ion  l e v e l s  i n  t h e  r e f r a c t o r y  a l l o y  specimens bo th  upstream 

and downstream of t h e  t u r b i n e .  The l a t t e r  p o r t i o n  of the 3000-hour test w a s  

a l s o  "clean" i n  i t s  o p e r a t i o n  as evidenced by t h e  l a c k  of any s i g n i f i c a n t  

changes i n  impur i ty  l e v e l s  from t h e  a n t i c i p a t e d  t r e n d s .  

b. Potassium P u r i t y  

Before, dur ing ,  and a f t e r  t h e  3000-hour endurance test, t h e  

potassium was sampled and ana lyzed  us ing  methods e s t a b l i s h e d  by SPPS dur ing  

t h e  2000-hour t e s t .  These a r e  desc r ibed  i n  t h e  Reference 3. The oxygen and 

carbon concen t r a t ions  of t h e  potassium f o r  bo th  t h e  2000-hour and t h e  3000-hour 

tes t  are shown g r a p h i c a l l y  i n  F igure  98. 

Each t i m e  a h igh  va lue  f o r  oxygen concen t r a t ion  w a s  found d u r i n g  t h e  
1 

3000-hour test, t h e  loop  was resampled and reana lyzed  i m e d i a t e l y .  I t  was 

always found t h a t  t h e  sample for which t h e  h igh  va lue  was found had been i n -  

a d v e r t e n t l y  contaminated except  as i n d i c a t e d  i n  t h e  fo l lowing  paragraph. The 

a n a l y t i c a l  blank which is i n h e r e n t  i n  t h e  technique  has  not  been s u b t r a c t e d  

from t h e  va lues  shown; consequently,  t h e  ac tua l  oxygen c o n c e n t r a t i o n  i n  t h e  

potassium is somewhat lower than i n d i c a t e d .  Th i s  blank amounts to  about  s e v e n  

micrograms, a s  r e p o r t e d  i n  Reference 3. The oxygen con ten t  of t h e  potassium 

dur ing  t h e  3000-hour test, thus ,  remained a t  t h e  same low l e v e l  as i t  d i d  

dur ing  most of t h e  2000-hour test .  

The only  t i m e  t h a t  high oxygen va lues  were found t o  be s l g n i f i c a n t  wzs 

:I 

i 

dur ing  t h e  beginning  of t h e  3000-hour t es t .  I t  w a s  a n t i c i p a t e d  t h a t  i n i t i a l  
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h igh  oxygen c o n c e n t r a t i o n s  would drop  to  very low va lues  d u r i n g  t h e  f i r s t  

f o u r  hours.  Once t h i s  d i d  n o t  occur, and i t  was r e p o r t e d  t o  t h e  o p e r a t i n g  

personnel,  a c o r r e l a t i o n  was made wi th  some o t h e r  o p e r a t i o n a l  d i f f i c u l t i e s  

which l e d  t o  t h e  d i scove ry  of  a n  a i r  l e a k  i n  t h e  low p r e s s u r e  s e c t i o n  o f  t h e  

loop. This  w a s  r e p a i r e d  w i t h  t h e  r e s u l t  t h a t  t h e  oxygen l e v e l  subsequent ly  

dropped t o  t h e  expec ted  low va lues  of less than  10 ppm. 

The d a t a  f o r  carbon i n d i c a t e s  t h a t  t h i s  contaminant a l s o  remained a t  a 

v e r y  low c o n c e n t r a t i o n  du r ing  t h e  3000-hour tes t .  The s p o r a d i c  h ighe r  va lues  

found f o r  some samples have not been expla ined .  

Some a n a l y s e s  f o r  metallic i m p u r i t i e s  i n  potassium were performed. They 

were e s s e n t i a l l y  t h e  same as i n d i c a t e d  for the 2000-hour test; t h a t  is, a l l  

metals determined were very c l o s e  t o ,  or below, t h e  d e t e c t i o n  l i m i t s .  For 

example, t h e  d a t a  o b t a i a e d  f o r  Sample 582 were: Ag: 1, A l -  1, B a .  1, Be' 1, 

Ca = 1, Cbc 1, Co ' 5, C r c  1, Cu. 1, Fe '  1, M g  = 1, Mn< 1, Mo< 1 ,  N a  = 25, 

X i -  5, Pb< 5, Si< 1, Sn': 5, Src 1, Ti.: 5,  V': 5, W c  50, and Z r c  5; r e p o r t e d  

a s  ppm i n  K C 1 .  

The high p u r i t y  of t h e  potassium vapor flowing through t h e  t u r b i n e  i n d i -  

c a t e d  by t h e  chemical a n a l y s e s  i s  s u b s t a n t i a t e d  by t h e  low contaminat ion  l e v e l s  

observed f o r  t h e  r e f r a c t o r y - a l l o y  i n s e r t s  which were exposed t o  t h e  potassium. 

The oxygen and water vapor c o n c e n t r a t i o n s  of t h e  argon used du r ing  t h e  

3000-hour test were monitored cont inuous ly .  The oxygen c o n c e n t r a t i o n  remained 

between 1 and 1.5 molar ppm, and 

0.4 and 0.7 molar ppm throughout 

t h e  water vapor c o n c e n t r a t i o n  s t a y e d  between 

the  t es t .  
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c.  Absence of Rotor Blade Corros ion  

The s l i g h t  c o r r o s i o n  of t u r b i n e  b l ades  i n  t h e  2000-hour test and 

t h e  apparent  absence of any s i g n i f i c a n t  c o r r o s i o n  du r ing  t h e  3000-hour test seem 

t o  be a s s o c i a t e d  wi th  (I) t h e  impur i ty  l e v e l s  w i t h i n  t h e  potassium vapor envi ron-  

ment, and (2)  t he  p rev ious ly  d i scussed  f a c t  t h a t  new nozz le  diaphragms directed 

t h e  vapor flow a t  c l o s e r  t o  des ign  flow a n g l e s .  Seve ra l  f a c t o r s  tend  t o  suppor t  

t h e  f i r s t  c o n t e n t i o n .  F i r s t ,  t h e  e i g h t - i n c h  d iameter  vapor l i n e  and t h r o t t l e  

va lve  were removed and exposed t o  a i r  immediately p r i o r  t o  t h e  2000-hour tes t .  

Although t h e s e  components were c a r e f u l l y  c leaned ,  it was no t  f e a s i b l e  t o  f l u s h  

them wi th  l i q u i d  potassium p r i o r  t o  o p e r a t i o n  of t h e  t u r b i n e  on potassium vapor.  

Secondly, t h e  oxygen a n a l y s i s  of t h e  potassium i n  t h e  condenser i n d i c a t e d  a h igh  

va lue  of 69 ppm a f t e r  two hours of t h e  2000-hour test as shown i n  F igu re  98; 

t h e  a c t u a l  oxygen con ten t  i n  t h e  potassium d r o p l e t s  pas s ing  t h e  t u r b i n e  may have 

been much h ighe r  as t h e  t u r b i n e  was s t a r t e d .  The s e l f - c l e a n i n g  a s p e c t  of  t h e  

t u r b i n e  f a c i l i t y  o p e r a t i o n  on potassium qu ick ly  reduced t h e  oxygen impur i ty  

1 

con ten t  i n  t h e  potassium going t o  t h e  condenser.  The g r e a t e r  p a r t  of b l ade  

c o r r o s i o n  observed i n  t h e  2000-hour tes t  may have occur red  i n  t h i s  e a r l y  s t a r t u p  

pe r iod .  Thi rd ,  r e f r a c t o r y  a l l o y  specimens s u b j e c t e d  t o  t h e  s t a r t u p  cond i t ions  

of t he  2000-hour test underwent contamination t o  a n  e x t e n t  no t  wi tnessed  i n  

l a t e r  exposures of much longer  test  t i m e .  Fourth,  t h e  i n s t a l l a t i o n  of t h e  

test t u r b i n e  i n  t h e  f a c i l i t y  f o r  t h e  3000-hour t es t  w a s  accomplished wi thout  

major exposure of t h e  f a c i l i t y  t o  a i r ,  and t h e  f a c i l i t y  remained i n  a refa- 

t i v e l y  uncontaminated c o n d i t i o n  between t h e  2000- and 3000-hour tcst; conse- 

quent ly ,  t h e  s y s t e m  w a s  r e l a t i v e l y  c l e a n  a t  t h e  start  of t h e  3000-hour t es t .  

F i f t h ,  t h e  i n s t a l l a t i o n  of t h e  new f i r s t -  and second-stage no:<zles p r i o r  t o  
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t h e  3000-hour test  d i r e c t e d  t h e  vapor flow a t  t h e  proper  t u r b i n e  e n t r y  a n g l e  

and minimized t h e  p o s s i b i l i t y  of  l e a d i n g  edge tu rbu lence  which w a s  thought to  

have occurred  i n  t h e  2000-hour test and t o  have been p a r t i a l l y  r e s p o n s i b l e  f o r  

co r ros ion  du r ing  t h e  f i r s t  endurance tes t .  

I t  i s  b e l i e v e d  t h a t  t h e  3000-hour test, wi th  i t s  minimal c o r r o s i o n  of 

s u p e r a l l o y  and r e f r a c t o r y  a l l o y  b lades ,  is most r e p r e s e n t a t i v e  o f  t h e  t y p i c a l  

t u r b i n e  test exper ience  which can be expec ted  i n  the p r e s e n t  type  of t u r b i n e  

f a c i l i t y .  

3. Eros ion  I n s e r t s  

Eros ion  i n s e r t s  of t h e  type shown i n  F igure  29 were i n s t a l l e d  behind 

t h e  t i p  of t h e  second s t a g e  r o t o r  b l ades  du r ing  t h e  3000-hour endurance tes t .  

The purpose of t h e s e  i n s e r t s  was t o  cont inue ,  beyond t h e  p rev ious  2000-how 

test exper ience ,  t h e  e v a l u a t i o n  of va r ious  materials under t h e  i n f l u e n c e  of 

impacting potassium d r o p l e t s .  These d r o p l e t s  came from t h e  second-s tage  b l ade  

t i p s  a t  t u r b i n e  t i p  speeds of 770 f t / s e c  and a t  tempera tures  of about  1240'F. 

The t w e l v e  e r o s i o n  i n s e r t s ,  c o n s i s t i n g  of U - 7 0 0  a l l o y ,  TZM a l l o y ,  TZC a l l o y ,  

and AS-30 a l l o y  were a r r anged  i n  t h e  second-stage shroud as shown i n  F igure  99. 

Table XVII i d e n t i f i e s  t h e  exposure t i m e s  f o r  va r ious  specimens. 

Impacting l i q u i d  d r o p l e t s  from t h e  b lade  t r a i l i n g  edge t i p s  s t r u c k  t h e  

specimens a long  t h e  narrow f a c e  of t h e  p r o j e c t i n g  t a b  o f  t h e  i n s e r t  nea r  t h e  

90" mi l l ed  recess; F igu re  100 shows t h e  l o c a t i o n  of impact e r o s i o n  p i t s  i n  

r e l a t i o n  t o  t h e  b l ade  t i p .  
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All of t h e  e r o s i o n  i n s e r t s  were examined macroscopica l ly  a t  magnifica- 

t i o n s  as h igh  as 60X f o r  ev idence  of e r o s i o n .  Macrophotos of r e p r e s e n t a t i v e  

impact specimens from both  t h e  2000- and 5000-hour endurance tests are pre- 

s en ted  f o r  comparison i n  F igu re  101. I t  was observed t h a t :  (1) a d d i t i o n a l  

e r o s i o n  occur red  on t h e  2000-hour U-700 a l l o y  i n s e r t s ,  (2) on ly  two of  t h e  

t h r e e  newly i n s t a l l e d  U-700 i n s e r t s  were eroded, (3) no e r o s i o n  occurred  i n  

t h e  TZW, TZC, o r  AS-30 i n s e r t s  a f t e r  t e s t i n g  f o r  pe r iods  up t o  5000 hours,  and 

(4)  cor ros ion  occur red  i n  a n  unusual manner on t h e  back s i d e  and t h e  hidden 

forward s u r f a c e s  of t h e  AS-30 specimens. 

A s  i n  t h e  2000-hour test i n s e r t s ,  t he  3000-hour U-700 test i n s e r t s  were 

coa ted  wi th  minor, non-uniform s u r f a c e  d e p o s i t s  and were d i s c o l o r e d .  Both 

were found t o  c o n s i s t  of c o r r o s i o n  products  and mass- t ranspor ted  material 

s imilar  t o  t h a t  o b s e r v e d b n  t h e  test b l ades .  This  s u r f a c e  contaminat ion  was 

r e s p o n s i b l e  f o r  t h e  i n c r e a s e s  i n  weight of U-700 specimens shown i n  Table  X V I I I .  

The presence of c o r r o s i o n  p roduc t s  and mass- t ranspor t  material d i s t o r t e d  t h e  

t r u e  weight changes of t h e  specimens; i t  is s i g n i f i c a n t  t o  note  t h a t  i n  s p i t e  

of t h e  e r o s i o n  of  t h e  U-700 specimens, they  show a weight ga in ,  whi le  t h e  

r e f r a c t o r y  a l l o y s ,  which were no t  eroded, show a weight l o s s .  T h i s  i n d i c a t e s  

t h a t  s u r f a c e  contaminat ion  and s o l u t i o n  c o r r o s i o n  e f f e c t s  can mask t h e  real 

weight changes brought about  by metal loss due t o  impact e r o s i o n .  

The U-700 a l l o y  i n s e r t s  were clearly t h e  most a f f e c t e d ;  as i n  t h e  2000- 

hour test  i n s e r t s ,  c l u s t e r s  of deep h o l e s  were r a d i a l l y  apparen:. a t  approximately 

t h e  same l o c a t i o n  as  exper ienced  i n  t h e  2000-hour t e s t .  These ho le s  were 
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examined m e t a l l o g r a p h i c a l l y  a t  s e v e r a l  p l anes  through t h e  impacted area i n  a n  

e f f o r t  t o  d i s t i n g u i s h  between those  h o l e s  which developed du r ing  t h e  2000-hour 

t es t  and new h o l e s  developed du r ing  t h e  a d d i t i o n a l  3000 hours of t e s t i n g .  The 

l o c a t i o n  of t h e  p o l i s h e d  s u r f a c e  wi th  r e s p e c t  t o  t h a t  of t h e  p a t t e r n  of h o l e s  

was cont inuous ly  maintained as g r i n d i n g  proceeded through t h e  c l u s t e r  o f  h o l e s .  

F igu res  102 and 103  i l l u s t r a t e  t h e  m i c r o s t r u c t u r e  a t  t h e  s u r f a c e  of h o l e s  from 

t h e  ear l ie r  2000-hour test e r o s i o n  i n s e r t .  F igu res  104 and 105 i l l u s t r a t e  t h e  

na tu re  of t h e  ho le s  which were formed d u r i n g  t h e  2000-hour test and which were 

s u b j e c t e d  t o  f u r t h e r  l i q u i d  d r o p l e t  impact damage du r ing  t h e  3000-hour test. 

F igu res  106 and 107 i l l u s t r a t e  t h e  m i c r o s t r u c t u r e  a t  t h e  s u r f a c e  of h o l e s  which 

were newly formed dur ing  t h e  3000-hour t e s t .  The diameter and depth  of impact 

damage is similar i n  a l l  cases, The most s i g n i f i c a n t  d i f f e r e n c e  between t h e  

specimens of t h e  d i f f e r e n t  tests is t h e  depth  of t h e  a l l o y  d e p l e t i o n  l a y e r ;  

t h e  dep le t ed  l a y e r  bec2me deeper wi th  prolonged t e s t i n g .  

was, appa ren t ly ,  no t  a product of l i q u i d  impact as i t  was p r e s e n t  on a l l  ex- 

Th i s  s u r f a c e  e f f e c t  

posed s u r f a c e s  of t h e  U-700 a l l o y  i n s e r t s .  

s u r f a c e  a l l o y i n g  e lements  was undoubtedly produced by t h e  presence  of l i q u i d  

Never the less ,  t he  d e p l e t i o n  of 

potassium a t  t h e  s u r f a c e .  In t u r n ,  t h e  d e p l e t i o n  of t h e  s u r f a c e  may have ren-  

dered  t h e  s u r f a c e  more s u s c e p t i b l e  t o  impact e r o s i o n .  

That t h e  damage i s  similar t o  s t e a m  t u r b i n e  e r o s i o n  is i n d i c a t e d  by i t s  

comparison wi th  a macrophotograph of a n  eroded S t e l l i t e  6B e r o s i o n  s h i e l d  from 

a steam t u r b i n e  as shown i n  F igure  108. A c r o s s - s e c t i o n  of t h i s  s h i e l d  pre- 

s e n t e d  i n  F igure  109 shows a n  a lmost  i d e n t i c a l  p a t t e r n  of h o l e s  a s  observed 

i n  t h e  U-700 a l l o y  e r o s i o n  specimens. 
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The r e f r a c t o r y  a l l o y  specimens e x h i b i t e d  no impact e ros ion ;  however, some 

c o r r o s i o n  was noted i n  a n  AS-30 columbium a l l o y  specimen as  seen i n  F igu re  110. 

A photomicrograph of  a c r o s s - s e c t i o n  of one of t h e  c o r r o s i o n  grooves is  shown 

i n  F igu re  111; i ts  c l e a n  s u r f a c e s  and absence of microcracks or subsu r face  

contamination i n d i c a t e s  t h e  metal l o s s  is  c o r r o s i v e  i d  n a t u r e .  

4 .  Rotor Blade C l i p s  

Turbine b l ade  r e t a i n e r  c l i p s  from both  s t a g e s  were found t o  have 

e r o s i o n  p i t s  on t h e i r  advancing edges on t h e  a f t  s i d e  of each wheel. 

t h e s e  c l i p s  were s t r u c k  by l i q u i d  potassium d r o p l e t s  du r ing  some p o r t i o n  o f  t h e  

3000-hour endurance test .  The second-stage c l i p s  con ta ined  many more p i t s  than  

t h e  f i r s t - s t a g e  c l i p s ,  probably because o f  t h e  presence,  i n  t h e  second s t a g e ,  

of a g r e a t e r  q u a n t i t y  of condensed potassium. There w a s  no appa ren t  exp lana t ion  

for t h e  f a c t  t h a t  c l i p  e r a s i o n  occurred  on t h e  a f t  s i d e  of t h e  f i r s t  and second 

Apparently,  

s t a g e s  but  not on t h e  forward s i d e  of e i t h e r .  

The r e l a t i v e  impact e r o s i o n  which occur red  on c l i p s  of t h e  f i r s t  and 

second stages i s  shown i n  F igu res  112 and 113. Microscopic examination of 

these  p i t s  proved them t o  be s i m i l a r  i n  form t o  t h e  p i t s  observed i n  t h e  e ro-  

s i o n  i n s e r t s ,  bu t  t h e  a l l o y  d e p l e t i o n  l a y e r  so appa ren t  i n  t h e  U-700 a l l o y  

e r o s i o n  specimens is a b s e n t  i n  t h e  micrographs of t h e  Rene' 41 b lade  c l i p s  

seen  i n  F igures  114 and 115. Furthermore, t h e  c h a r a c t e r i s t i c  microcracks 

a s s o c i a t e d  wi th  impact e r o s i o n  a re  a l s o  absen t  i n  t h e s e  b lade  c l i p  micro- 

graphs .  
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5. Honeycomb T i p  Shrouds 

The t u r b i n e  b l ade  honeycomb t i p  shrouds of bo th  s t a g e s  s u s t a i n e d  a 

minor d i s t i n g u i s h a b l e  amount of  e r o s i o n  du r ing  t h e  3000-hour endurance test .  

Di f f e rences  between t h e  f i r s t -  and second-stage honeycomb e r o s i o n  were d i f f i -  

c u l t  t o  de te rmine .  In  both  s t a g e s ,  t h e  e r o s i o n  was g r e a t e s t  toward t h e  a f t  

p o r t i o n  of t h e  honeycomb. A t  i t s  wors t ,  t h e  dep th  of e r o s i o n  w a s  e s t i m a t e d  

a t  fou r  t i m e s  t h e  th i ckness  of t h e  honeycomb material, or approximate ly  40 

m i l s .  S ince  t h i s  e r o s i o n  occur red  i n  a c i r c u m f e r e n t i a l  d i r e c t i o n  only,  t h e r e  

were many ce l l  walls o r i e n t e d  i n  a c i r c u m f e r e n t i a l  d i r e c t i o n  which were eroded  

v e r y  l i t t l e .  Rotor t i p  clearances a f f e c t i n g  leakage  i n  t h e  ax ia l  d i r e c t i o n  

were n o t  increased;  because of t h i s ,  i t  is  doub t fu l  t h a t  t h e  observed e r o s i o n  

adve r se ly  a f f e c t e d  t u r b i n e  performance. 

F igu res  116 and 117 show t h e  impact area t o  be p r i m a r i l y  those  honeycomb 
-- 

components which had s u r f a c e s  most n e a r l y  normal t o  t h e  d i r e c t i o n  of  t h e  l i q u i d  

d r o p l e t s  l e a v i n g  t h e  b lade  t i p s .  A photomicrograph of  o u r  eroded honeycomb 

s e c t i o n  is p resen ted  i n  F igu re  118. 

6. Eros ion  Discuss ion  

A s  noted above, l i q u i d  d r o p l e t  impact e r o s i o n  w a s  observed i n  s e v e r a l  

p l aces :  on t h e  advancing edge of t h e  a f t  s i d e  of Rene' 41 blade  c l i p s  i n  t h e  

f i r s t  and second s t a g e s  ( t h e  e r o s i o n  w a s  more s i g n i f i c a n t  i n  t h e  second stage); 

on t h e  Type 316 s t a i n l e s s  steel second-stage honeycomb t u r b i n e  shroud; and on 

t h e  s t a t i o n a r y  U-700 e r o s i o n  i n s e r t s  i n s t a l l e d  behind t h e  second-s tage  t u r b i n e  

b lade  t i p s .  Of equa l  s i g n i f i c a n c e  is  t h e  f a c t  t h a t  e r o s i o n  d i d  n o t  occur  on 
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similar r e f r a c t o r y  a l l o y  

i d e n t i c a l  l i q u i d  d r o p l e t  

The f a c t  t h a t  U-700 

e r o s i o n  i n s e r t s  a l though  they  were s u b j e c t e d  t o  

impact c o n d i t i o n s .  

w a s  eroded bu t  t h a t  TZM, f o r  example, was not ,  is of 

i n t e r e s t  when t h e i r  r e l a t i v e  y i e l d  s t r e n g t h s ,  f a t i g u e  endurance l i m i t s ,  and 

s t r a i n  e n e r g i e s  are examined. I n  each case, t h e  U-700 has  p r o p e r t i e s  which 

a r e  s u p e r i o r  t o  TZM. T h i s  is  i n d i c a t e d  i n  F igu re  119 fo r  y i e l d  and f a t i g u e  

p r o p e r t i e s  and i n  Table  X I X  and F igu re  120 f o r  s t r a i n  energy va lues .*  These 

p r o p e r t i e s  are  g e n e r a l l y  be l i eved  t o  be i n d i c a t i v e  of t h e  r e s i s t a n c e  01 a 

m a t e r i a l  t o  damage by impacting l i q u i d  d r o p l e t s .  While t h e  e x a c t  n a t u r e  of 

t h i s  c o r r e l a t i o n  of m a t e r i a l s  p r o p e r t i e s  w i th  m u l t i p l e  drop impact damage may 

be i n  doubt,  i t  i s  s u r p r i s i n g  t o  f i n d  t h a t  t h e  impact damage exper ienced  i n  

t h e  potassium vapor t u r b i n e  bea r s  a n  i n v e r s e  r e l a t i o n  t o  t h e s e  materials pro- 

p e r t i e s .  
- 

I t  i s  recognized  t h a t  t h e  environmental  c o n d i t i o n s  w i t h i n  t h e  t u r b i n e  may 

have modified t h e  s u r f a c e  p r o p e r t i e s  of  t h e  s u p e r a l l o y  m a t e r i a l s  by d e p l e t i o n ,  

m a s s  t r a n s f e r ,  and/or d i f f u s i o n  t o  r ende r  t h e  eroded material less r e s i s t a n t  

t o  impact damage by l i q u i d  metal drops .  The d i f f u s i o n  zones a l o n g  t h e  s u r f a c e  

of t h e  U-700 e r o s i o n  i n s e r t s  are  i n d i c a t i v e  of t h i s  p o s s i b i l i t y .  

* Thiruvengadam and P r e i s e r  (NASA CR-72035) showed a c o r r e l a t i o n  between t h e  
s t r a i n  energy of a m a t e r i a l  and i ts  r e s i s t a n c e  to c a v i t a t i o n  damage i n  
l i q u i d  sodium a t  100O0F. 
temperature s t r a i n  e n e r g i e s  of r e f r a c t o r y  a l l o y s  and of U-700 are  a l s o  
p l o t t e d  as s o l i d  d a t a  p o i n t s  i n  F igure  120 t o  i n d i c a t e  t h e i r  expec ted  
re la t ive  r e s i s t a n c e  t o  l i q u i d  m e t a l  c a v i t a t i o n  damage. 

Assuming a s t r a i g h t  l i n e  r e l a t i o n s h i p ,  t h e  h igh  
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C . PERFORMANCE 

1. V a l i d i t y  of Measurements 

Most of t h e  in s t rumen ta t ion  which mal func t ioned  was rep laced  or 

r e p a i r e d  and r e c a l i b r a t e d  du r ing  t h e  shutdown pe r iods .  C o r r e l a t i o n s  r e l a t i n g  

some of t h e  measurements were made so t h a t  t u r b i n e  performance could  be moni- 

t o r e d  cont inuous ly .  The water brake  torque  meter s i g n a l  was read  o u t  on both  

t h e  d i g i t a l  d a t a  s y s t e m  and on a Sanborn r e c o r d e r  i n  t h e  c o n t r o l  room. For 

t h e  f i r s t  600 hours of t h e  endurance test t h e  d i g i t a l  s i g n a l  was n o t  ob ta ined  

and t h e  water brake torque  was read  from t h e  Sanborn r eco rde r .  

In  a t t e m p t i n g  t o  reduce high v i b r a t i o n s  du r ing  t h e  f i r s t  600 hours, t h e  

water brake torque  meter c a l i b r a t i o n  was i n v a l i d a t e d .  Therefore ,  t h e  water 

brake torque  w a s  ob ta ined  from h e a t  ba lance  c a l c u l a t i o n s  dur ing  much of t h e  

f i r s t  600 hours .  A c o r r e l a t i o n  between t h e  h e a t  ba lance  c a l c u l a t i o n  and t h e  

torque  meter r ead ing  ob ta ined  dur ing  previous  t e s t i n g ,  is  shown i n  F igure  121. 
L 

Shown i n  F igu re  122 i s  a c o r r e l a t i o n  of steam t u r b i n e  to rque  wi th  steam 

t u r b i n e  i n l e t  p re s su re ,  ob ta ined  du r ing  previous  t e s t i n g .  Th i s  c o r r e l a t i o n  

w a s  used to  determine steam t u r b i n e  torque  du r ing  p a r t  of t h e  f i r s t  600 hours 

of t e s t i n g  when t h e  to rque  meter s i g n a l  w a s  n o t  ob ta ined .  

A t  t h e  i n s t a n t  of z e r o  speed d u r i n g  each shutdown o f  t h e  tu rb ine ,  bo th  

t h e  water brake and steam t u r b i n e  torque  meters were r ead .  These "zero" 

r ead ings  were used t o  c o r r e c t  t h e  to rque  meter readings  j u s t  p r i o r  t o  each  

shutdown for a more a c c u r a t e  de t e rmina t ion  of t u r b i n e  performance. Shown i n  

F igure  123 is  t h e  c o r r e l a t i o n  between t h e  vapor flow rate as measured by t h e  

- 

t I 
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e lec t romagne t i c  flow meter and t h e  b u l l e t  nose d i f f e r e n t i a l  p r e s s u r e  system. 

The open circles are t h e  p o i n t s  used t o  draw t h e  c o r r e l a t i o n  l i n e  shown. These 

d a t a  were a l l  t aken  e a r l y  i n  t h e  3000-hour endurance test .  Because of d i f f i -  

c u l t y  wi th  t h e  b u l l e t  nose s y s t e m ,  i t  w a s  r ead  r a t h e r  i n f r e q u e n t l y  dur ing  t h e  

l a t t e r  p a r t  of t h e  test .  However, t h e  l a s t  f o u r  r ead ings  are shown as t h e  

darkened c i r c l e s .  These p o i n t s  i n d i c a t e  t h a t  t h e  c o r r e l a t i o n  had probably 

changed and t h e  flow rates be ing  ob ta ined  from t h e  c o r r e l a t i o n  are low by abou t  

0.05 pounds pe r  second. 

The t u r b i n e  e x i t  p r e s s u r e  probe d i d  no t  

were obta ined ,  due to  plugging of  t h e  probe, 

t a i n e d  d i d  n o t  appear  t o  be c o r r e c t .  No way 

f u n c t i o n  p rope r ly .  Few readings  

and t h e  readings  t h a t . w e r e  ob- 

was found to c o r r e l a t e  t h e s e  da t a  

wi th  t h e  r e s u l t s  of t h e  prev ious  2000-hour endurance t e s t  or t h e  performance 

1 

t e s t i n g  . 

2. H i s t o r y  

The nominal s e t  p o i n t  f o r  t h e  endurance test  w a s  i n l e t  temperature 

o f  1500 + 5"F, e x i t  t empera ture  of 1240 + 5*F, and f o r  t h e  major p o r t i o n  of - - 
t h e  test, r o t a t i v e  speed of 18,800 rpm. 

s e l e c t e d  t o  s e t  a t o t a l - t o - s t a t i c  p r e s s u r e  r a t i o  of 3.47 a c r o s s  t h e  t u r b i n e .  

A d i g i t a l  s can  of t h e  performance i n i t r u m e n t a t i o n  w a s  made a t  f o u r  hour i n -  

t e r v a l s  t o  v e r i f y  t h a t  t h e  t es t  p o i n t  was be ing  h e l d  and t h a t  t h e  performance 

w a s  no t  d e t e r i o r a t i n g .  

An e x i t  t empera ture  of 1240°F was 

Shown i n  F igu re  124 are p l o t s  of t h e  more s i g n i f i c a n t  perfoymance para- 

meters f o r  t h e  3000-hour endurance test. The p o i n t s  p l o t t e d  were a l l  taken 
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a t  about  0830 hours each  day. The f i r s t  s t r i p  shows t h e  speed which was he ld  

w i t h i n  + 100 rpm of t h e  d e s i r e d  va lue  most of t h e  t i m e .  The next  two s t r i p s  

show the  t u r b i n e  i n l e t  and ex i t  tempera tures .  There were f o u r  thermocouples 

- 

a t  t h e  i n l e t  and f i v e  a t  t h e  e x i t  of t h e  t u r b i n e  whose r ead ings  were averaged 

t o  determine t h e  t u r b i n e  i n l e t  and e x i t  t empera tures ,  During the cour se  of  

t h e  test t h e  r ead ing  from one of t h e  i n l e t  thermocouples was dropped from t h e  

average  because i t  was reading  about e i g h t  degrees  h ighe r  t han  t h e  o t h e r  t h r e e .  

One of t h e  e x i t  thermocouples became inope rab le  and t h e  use of a n o t h e r  one w a s  

d i scon t inued  because i t  was read ing  about  s i x t e e n  degrees  lower than  t h e  o t h e r  

t h r e e .  The next  two s t r i p s  are t h e  i n l e t  and e x i t  s t a t i c  p r e s s u r e s  measured 

by Taylor p r e s s u r e  t r ansduce r s .  The next  s t r i p  shows t h e  n e t  b l ad ing  torque  

and t h e  l a s t  s t r i p  shows t h e  vapor flow rate .  Circles i n d i c a t e  flow rate 

ob ta ined  from t h e  b u l l e t  nose p r e s s u r e  measurements and t h e  t r i a n g l e s  i n d i c a t e  

flow rate  ob ta ined  f rom-the  e l ec t romagne t i c  flow me te r -bu l l e t  nose c o r r e l a t i o n .  

Using t h e  z e r o  s h i f t s  t o  c o r r e c t  t h e  n e t  b l ad ing  torque  measured f o r  t he  

s i x  d i g i t a l  d a t a  readings  taken du r ing  t h e  l a s t  24 hours be fo re  t h e  end of t h e  

test g ives  an  average  n e t  b l ad ing  torque  of 513 inch-pounds. The n e t  b l ad ing  

torque  a f t e r  t h e  o r i g i n a l  s ta r t  i n  A p r i l ,  1966 w a s  514 inch-pounds. The en- 

durance test had t o  be i n t e r r u p t e d  t h r e e  t i m e s  t o  r e p a i r  t h e  f a c i l i t y  on May 

13, June 9, and August 7, 1966. Torque meter z e r o  r ead ings  were o b t a i n e d  a t  

, 

each shutdown. The fo l lowing  t a b l e  summarizes t h e  n e t  b l ad ing  torque  measured 

j u s t  a f t e r  each  s t a r t u p  and p r i o r  t o  each shutdown. The to rque  r ead ings  p r i o r  

t o  each  shutdown have been c o r r e c t e d  by t h e  a p p r o p r i a t e  to rque  meter z e r o  s h i f t s .  

Also l i s t e d  are t h e  average  t u r b i n e  i n l e t  and e x i t  t empera tures  and t h e  r o t a t i v e  
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speed.  The va lues  g iven  are averages  of s i x  d i g i t a l  d a t a  scans  taken  i n  a 

24-hour p e r i o d  except  fo r  t h e  f i r s t  p o i n t .  Because of the e x c e s s i v e  water 

brake v i b r a t i o n  c o n d i t i o n  d u r i n g  t h e  f irst  600 hours, t h e  test p o i n t  w a s  

v a r i e d  cons iderably  i n  a n  a t t e m p t  t o  f i n d  a s t a b l e  o p e r a t i n g  condi t ion ;  

however, one p o i n t  was obta ined  which was similar t o  t h e  e v e n t u a l  endurance 

test c o n d i t i o n .  

D a t e  

4/ 20 

5/13 

- 

6/ 3 

6/19 

6/14 

8/ 7 

8/18 

9/ 19 

These d a t a  

' I n l e t  E x i t  
Temp., Temp., 
OF OF 

1504.6 

1502.9 

1502.6 

1501.4 

1502.2 

1503.0 

1501.2 

1503.4 

1235.2 

1228.7 

1244.6 

1240.1 

1248,4 

1237.0 

1240.9 

1240.1 

R o t a t i v e  
Speed, 

rPm 

18,610 

19,095 

18,845 

18,840 

l a ,  900 

18,880 

18,933 

18,782 

N e t  
Torque, 

i n - l b  

514 

509 

526 

531 

517 

509 

508 

513 

Torque Zero 
S h i f t ,  
i n - l b  

- l o  

i n d i c a t e  t h a t  t h e  t u r b i n e  performance as i n d i c a t e d  by t h e  n e t  

b l a d i n g  torque d i d  n o t  s u b s t a n t i a l l y  change dur ing  t h e  3000 hours  of o p e r a t i o n .  
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VI. CONCLUSIONS 

The two-stage t u r b i n e  w a s  endurance t e s t e d  f o r  an  a d d i t i o n a l  3000 hours,  

making a t o t a l  of 5000 hours  f o r  many of t h e  important p a r t s .  The endurance 

tes t  was c a r r i e d  o u t  a t  a n  i n l e t  temperature of 1500°F, a second-stage i n l e t  

vapor q u a l i t y  c a l c u l a t e d  t o  be 96.7 pe rcen t ,  a n  e x i t  t empera ture  of 1240°F, 

and a r o t a t i v e  speed of 18,800 rpm. The test had bu t  t h r e e  i n t e r r u p t i o n s ,  

a f t e r  600, 814 and 2175 hours .  

t h e  two-stage t u r b i n e  i t s e l f .  The fo l lowing  conclus ions  are  drawn from t h e  

Not one of t h e s e  i n t e r r u p t i o n s  w a s  caused by 

e v a l u a t i o n  of t h e  test d a t a  f o r  t h e  3000-hour endurance tes t :  

1. The t u r b i n e  mechanical des ign ,  material s e l e c t i o n  and f a b r i c a t i o n  

techniques  were demonstrated t o  have been du rab le .  

2 .  There w a s  no damage t o  the  t u r b i n e  by t h e  potassium vapor or 

o t h e r  cause U c h  compromised i ts  s a f e t y  or r e l i a b i l i t y .  

3 .  With some improvements i n  t h e  t e s t - t u r b i n e  load  t r a i n  and  wi th  

i n s p e c t i o n  and p r e v e n t a t i v e  maintenance of  t h e  f a c i l i t y ,  t h e  

tes t  t u r b i n e  cou ld  have a h igh  p r o b a b i l i t y  of  o p e r a t i n g  

con t inuous ly  f o r  5000 hour s .  

4 .  The c l e a n l i n e s s  of t h e  potassium i n  t h e  f a c i l i t y ,  which was 

good a t  t h e  i n i t i a t i o n  of t h e  test, improved as t h e  test 

proceeded. 

5. Only minimal b lade  c o r r o s i o n  was observed on both  2000- and 

3000-hour tests; t h e  lesser c o r r o s i o n  noted  i n  t h e  3000-hour 

t es t  is b e l i e v e d  t o  be t h e  r e s u l t  of (1) a c l e a n e r  potassium 
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vapor environment i n  t h a t  test and (2)  t h e  i n c o r p o r a t i o n  of 

new t u r b i n e  nozz le s  which provided b e t t e r  vapor flow c o n d i t i o n s  

i n t o  t h e  t u r b i n e  b l ades .  

6. The room temperature d u c t i l i t y  of t h e  U-700 b l a d e s  i n  t h e  f i r s t  

s t a g e  w a s  reduced because of  sigma phase format ion ,  and t h e  room 

tempera ture  d u c t i l i t i e s  of t h e  r e f r a c t o r y  a l l o y s  were i n  some 

i n s t a n c e s  l i k e w i s e  reduced, however, t h e  use  of 700°F t u r b i n e  

p rehea t  should  assure  adequate  w a r m  d u c t i l i t y  t o  permi t  s a f e  

t u r b i n e  s t a r t u p ,  should  f u r t h e r  t e s t i n g  be d e s i r e d .  

7 .  Mass t r a n s f e r  and a l l o y  d e p l e t i o n  e f f e c t s  were observable ,  bu t  

minor i n  consequence, ex tending  u s u a l l y  less than  one m i l  i n t o  

t h e  s u r f a c e  of t h e  b l ades .  The long-range consequences of such  

e f f e c t s  a r e  no2 cons idered  t o  be of a s e r i o u s  n a t u r e .  

8. Liquid  d r o p l e t  impact e r o s i o n  was observed on t h e  R e n e ’  41 

b l ade  c l i p s  of bo th  t h e  f i r s t -  and second-stage t u r b i n e  r o t o r s  

a f t e r  3000 hours  ope ra t ion ;  whi le  t h i s  e r o s i o n  was g r e a t e r  i n  

t h e  second s t a g e ,  i t  was no t  of s u f f i c i e n t  magnitude t o  repre-  

s e n t  a hazard  to  f u r t h e r  t u r b i n e  o p e r a t i o n .  

9 .  Very minor e r o s i o n  of t h e  Type 316 s t a i n l e s s  steel honeycomb 

t u r b i n e  shrouds  was observable  only by magnified b i n o c u l a r  

i n s p e c t i o n  of t h e  f i r s t -  and second-stage shrouds and could 

n o t  be cons idered  t o  have a f f e c t e d  t h e  performance c h a r a c t e r -  

i s t ics  of t h e  t u r b i n e .  
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TABLE I 

COMPONENTS USED I N  3000 KW TURBINE ASSEMBLY 

Descript ion 

Exha us t S c r o l l  
I n l e t  Duct (Bu l l e t  Nose) 
Bearing Housing Assy 
Casing Assy 
2nd Stage Nozzle Diaphragm 
1st Stage Nozzle Diaphragm 
Out l e t  Guide Vane 
I n t e r s t a g e  Sea l  
Koppers Coupling 
Ba l l  Bearing Housing 
Carbon Sea l  Housing 
Screw Sea l  Retainer  
Screw Sea l  Re ta ine r  
Rotat ing Cup S e a l  
Ba l l  Bearing 
Bal l  Bearing 
Pad Bearing Assy 
Pad Sleeve 
Shim 
Shim 
Shim 
Speed Pickup & Coupling 
D i s c  Brake & Coupling 
Sleeve \ 

Carbon Sea l  Face 
Locknut & Washer 
Capnut 
Bearing Housing Heat Sh ie ld  
Shaf t  
Turbine Wheel 3rd Stage 
Turbine Wheel 4 t h  Stage 
B e l l e v i l l e  Spring Retainer  
Koppers Coupling 
Locknut 
T i e  Bolt 
Instrumentat ion Ring 
Rotor Blades 

S e r i a l  
Number I d e n t i f i c a t i o n  N o .  

1* SK56131-426G1 
I* SK56131-475G1 
1* 
2* SK56131-414G1 
2 ** 4012000-646G1 
2** 4012000-700G1 
1* 4 0 120 00- 6 5 1 G 1  
3* 4012000-656P1 
781924* 165A5637Pl 
1* 119C2773Pl 
1* 119C2772Pl 
1 ** 4012000-823P1 
2 ** 401 2000- 82 3P1 
2 ** 26 3-E78 1 G 1  
27** 40 12000-676P1 
28** 4012000-676P1 
1** 119C2788Gl 
4** 142B1765P2 
1* 4012000-66OP3 
1* 4012000-66OP2 
1* 14 2 B17 59 P4 
772574 ** 14 2B1879P1 
1 ** 26 33843 
2* 1 6 5A 5 633P2 
1** 16 5A 56 34 P1 
3* 142B1709Pl 
3* 4012000-682P2 
3* 941D799 
3* SK56131-178P1 
3** 4012000-639P2 
3** 4012000-64OP2 
1 ** 14 2 B167 1P1 
817160* 
3* 14 2B1687P1 
5* 4012000-822P2 
1 ** 941B110 
See Table V I  

* P a r t s  used i n  2000 hour t es t  and 3000 hour test  - 5000 hours t o t a l  

** P a r t s  used i n  3000 hour test only 

I 
i 
J 
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1 
4 

TABLE I 1  (Cont inued)  

1 

-1 

1 
d 

I 
1 

I 

i 

i 
1 

i 
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TABLE I I (Con t inued)  
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TABLE I r (Con t . i  nued) 

CONTROL 
ROOM 

RANGE SENSOR READOUT STATION 1 PARAMETER MCAT ION 

Temperature 
Argon S e a l  I n  
Turbine Argon I n l e t  
P r e s s u r e  P-7 I n l e t  at Mar 
Bearing Sump Wall 
Temperature 
Lube C a r t  
P re s su re  Out 
S t a b i l i z e r  Bearing 
Lube P res su re  
S t a b i l i z e r  Bearing 

500°F I CA T/C I 
N o  

N o  500 O F  CA T/C 

N o  

N o  

N o  

N o  

N o  

P i s t o n  Actuating P r e s  .I 
P-8 Potassium 1 
Side  Sea l  P r e s s u r e  I 
Argon Header I 

11 No 

N o  Sanbo r n  
& Tylr G 

No 

See.  
E 

Sec.  
F 

No 

N o  
Housing Temp. (Af t )  m u s i n g  
Turbine Casing Turbine  3 No 

N o  

Forward Temperature I C a s i n g  
Turbine Casing I Turb ine  5 Aft  Temperature 1 Casing 
8- inch Vapor Line I 6"Af t of 

N o  2 
Temperature Ispray Line  
8- inch Vapor Line I14"Aft of 2 No Temperature pray  Line 
Pad Bearing ] Pad Brg. N o  

N o  

Ring Temp.#l T/C 24O Ring 
Pad Bearing Pad Brg. 
Ring Temp.#2 T/C 50" Ring 
B u l l e t  Nose Between I t  
Delta P 20 and 23 
B o i l e r  Feed 
Temperature 

D i g i t a l  E f f l u x  

N o  

No Boi. ler I Inrtut 
B o i l e r  Feed Flow 

I 

0-5 KW X-Ducer I D i a l  H a l l  r- E x i t  Calorimeter E x i t  C a l -  
H t r .  "B" Power Input  orimeter 
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TABLE I I (Continued) 
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1_1 

E tern 
No. 

86 

88 

5 os 

i 95 

98 

108 

101 

122 

123 

124 

125 

1 89 

142 

163 

159 

3 

51 

1 39 

131 

155 

141. 

81 

62 

- - 
- 
- 
- 
I_ 

- 
- 
- 
- 
- 
- 
_I 

.--.I 

1_1 

I 

UCI - 
_I__ 

- 
_I_ 

I_ 

II 

...___ 

__1 

- 
.___ 

Parameter 

Boiler V a p o r  

I 

A f t  Face of S t e a m  Turbine 

Condenser 



 ATI ION 

Range In Digital  
r Units Channel 

1 32"-28.aoF I NO 

ikup 

:kup 

:kup 

:Itup 0-5 m i l s  I NO 
I I 

0- 25,000 

I 0-60 psig I NO & 

I 1032°-14320Fl NO 

I see Curve 1 NO 

a tion 
0- 6 I Pro 

Attenuation 

0-2500 CPS 
1 I 

I I I -1 

32O-282OF I I I 
I I I 
I '  # I 

at loa cps I f I 
110 Mv RMS I I 

3-15 p s i  I I 
0-10 MV 1 
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TABLE 

MECRANICAL OPERATIONAL DATA MONITOR 

- 

Date 

Time, hours 

Accumulated T e s t  Time, hours 

Speed, rpm 

Potassium Turbine 

Horizontal  Vibration, g ' s  

V e r t i c a l  Vibration, g ' s  

T/P Casing Forward Temp., OF 

Casing Aft Temp., O F  

Bearing Housing Forward Temp., OF 

Bearing Housing Aft  Temp., O F  

Pad Bearing Temp., O F  

B a l l  Bearing Temp., OF 

O i l  I n l e t  Temp., O F  

O i l  O u t l e t  Temp., OF 

Potassium Liquid I n l e t  Temp, OF 

Potassium Liquid O u t l e t  Temp.LoF 

Pad Bearing O i l  Flow, gpm 

B a l l  Bearing O i l  Flow, gpm 

Water Brake 

Hor izonta l  Vibration, m i l s  
V e r t i c a l  Vibration, m i l s  
Forward Bearing Temp., O F  

Aft  Bearing Temp., O F  

Steam Turbine 

Vibration, m i l s  
Forward Bearing Temp., OF 
Aft  Bearing Temp., O F  

4/22/66 

2020 

100 

19,000 

1.6* 

1444 

1256 

944 

780 

178 

197 

132 

190.5 

243 

788 

2.2 

.81 

1.6 

1.63 
122 

1.5-2.0 

.93 
155 
162 

4/27/66 

2400 

200 

18,800 

2.4* 

1448 

1292 

963 

803 

177 

195 

134 

188 

268 

830 

2.82 

.81 

2.4 

156 
120 

1.8-4.3 

1.05 
155 
163 

5/1/66 

0400 

300 

19,400 

1.9* 

1455 

1228 

960 

800 

185 

205.5 

139 

191 

269 

830 

2.46 

.82 

1.9 

S 

5/5/66 5/9/66 5/13/66 57 

0800 1200 1600 

400 500 600 

19,000 18,500 18,900 

1.8* 1.75* 4.3* 

1448 

1247 

970 

812 

182 

194 

136 

189 

267 

833 

2.58 

.83 

1455 

1250 

975 

81.5 

179.5 

194.5 

134 

186 

265 

838 

2.58 

.835 

1432 

1250 

979 

824 

179.5 

195 

132 

198 

268 

850 

2.13 

.8 

1.8 1.8 4.3 
1.5-4.0 1.8-2.5 1.7-4.0 

161 163 154 159 
119 119 116 117 

.38 .4 .4 38 
155 156 153 155 
161 164 159 163 

*Measured i n  m i l s .  



IV 

D WRING 3000-HOUR ENDURANCE TEST 

- 

u t  Start Shut Start 
wn UP Down UP 
3/66 5/31/66 6/2/66 6/4/66 6/8/66 6/9/66 6/11/66 6/12/66 6/15/66 6/19/66 

1500 1700 2100 2400 0200 0600 

650 700 800 850 900 1000 

17,100 18,500 18,750 18,800 18,550 18,500 

e, 
X 
(d 
k 
Q 
k 
e, 
c, 
(d 
3 
E 
r( 

.. 
w 

I 1  
E O  
cn0 

2.5 

1.0. 

1440 

1250 

925 

770 

173 

162 

129 

183 

2.2 

1.2 

1450 

1253 

9 30 

782 

191 

177 

135 

187 

2.8 

1.6 

1455 

1259 

932 

785 

192 

182 

142.5 

191 

250 252 254 

763 767 ,772 

2.38 2.5 2.5 

.078 .825 .87 

.5 .7 .7 

.7 .9 .8 
163 159.5 162.5 
123 120 123 

.12 .21 .18 
157 154.5 156.5 
163 158 161 

Y 
(d 
e, 
rl 

4 
e, 
B 
0 
c, 

4 

3 a 
rn 
k 
I 

2 
a 
e, 
+J 
id 
rl 
I e 
1 
0 
0 
e4 

2.4 

1.7 

1450 

1260 

942 

79 1 

192 

171 

140 

182.5 

3.2 

1.7 

1449 

1250 

938 

789 

191 

172 

136 

180 

2.4 

1.9 

1448 

1251 

9 39 

789 

194.5 

169.5 

134 

181 

250 248 248 

781 780 782 

2.5 2.51 2.48 

.82 .85 .85 

.85 1 .Q .9 
1.6 1.65 1.6 
160 162.5 158 
118 121 117 

.21 .22 14 
150.5 150 148 
154.5 155 153 
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TAB- I V  

(Continued) 

b: 

D a t e  

Time, hours 

Accumulated T e s t  Time, hours 

Speed, rpm 

Potassium Turbine 

Horizontal  Vibrat ion,  g ' s  

Vertical Vibrat ion,  g ' s  

T/P Casing Forward Temp., OF 

Casing A f t  Temp., OF 

Bearing Housing Forward Temp., OF 

Bearing Housing Af t  Temp., OF 

Pad Bearing Temp., OF 

B a l l  Bearing Temp., OF 

O i l  I n l e t  Temp., OF 

O i l  O u t l e t  Tamp., OF 

Potassium Liquid I n l e t  Temp., OF 

Potassium Liquid O u t l e t  Temp., OF 

Pad Bearing O i l  Flow, gpm 

B a l l  Bearing O i l  Flow, gpm 

L 

Water Brake 

Horizontal  Vibrat ion,  m i l s  
Vertical Vibrat ion,  m i l s  
Forward Bearing Temp., OF 
Af t  Bearing Temp., OF 

Steam Turbine 

Vibrat ion,  m i l s  
Forward Bearing Temp., OF 
A f t  Bearing Temp., OF 

6/ 23/66 

1000 

1100 

18,750 

3.4 

1.8 

1448 

1250 

943 

800 

192.5 

172 

137 

180 

252 

785 

2.55 

.85 

.8  
1.4 
164 
122 

.18 
154 
159 

6/ 271 66 

1400 

1200 

18.900 

3.5 

3.0 

1453 

1247 

951 

803 

187 

158 

130 

180 

253 

796 

2.57 

.825 

.8 
1.6 

164.5 
121 

.1 
155.5 

162 

7/1/66 

1800 

1300 

18,750 

3.2 

1.9 

1451 

1247 

946 

812 

190 .. 5 

171 

134 

183 

252 

79 8 

2.52 

.83 

.7 
1.35 

165 
121 

.18 
154 
160 

7/5/66 

2200 

1400 

18,800 

2.9 

1.6 

1450 

1246 

957 

810 

192 

171 

133 

182 

248 

800 

2.52 

.835 

.7 
1.18 

163 
121 

.2 
152 
158 



a 
k 
ld 
3 
k 
0 
9.1 

Shut Start 
Down UP 
8/7/66 8/16/66 9/11/66 9/15/66 

1200 1600 

2800 2900 

18,500 19,000 

a, Is 
P 
k 
a, 
c, 
ld 
3 
w 
0 

E 

a, 

rl 
4 
ld w 

5 

0 
c, 

a 
W 
k 
7 
0 
F 
a 
a, 
c, 
ld 
rl 
7 
B 
7 u 
0 
ld 

2.0 

1.6 

1462 

1266 

9 60 

79 8 

192 

177 

135 

186 

280 

82 1 

2.62 

.83 

2.0 

1.6 

1478 

1273 

963 

81 5 

197 

174 

136 

184 

280 

81 8 

2.63 

.82 

\ 

.55 .65 
.6 .8 

154 150 
118 115 

.15 .20 
154 150 
162 155 

9/ 191 66 

2000 

3000 

19,000 

2.2 

1.6 

1460 

1260 

978 

830 

192 

175 

135 

186 

273 

828 

2.66 

.83 

.5 

.6 
154 
118 

.19 
151 
157 

Shut 
Down 
9/ 191 66 

c, rn 
a, 
c, 

a, 
0 
C 
ld 
k 
7 a 
E( 
a, 

k 
5 

! 
0 
0 
0 
0 

w 
0 
a 
E: w 





TABLE V 

TURBINE DIMENSIONAL I N S P E C T I O N  RECORDS 

A f t e r  - Before 

ROTOR 

F i r s t  Stage Wheel 

1 O v e r  Blade  D i a m e t e r  8.8150* 
1 

Second Stage Wheel 

8.8155 

O v e r  B l a d e  D i a m e t e r  
I n t e r s t age  Seal Tee th  D i a m e t e r  
S c r e w  Seal D i a m e t e r  

9.6225 
4.071 
3.450 

9.6230 
4.070 
3.454 

J Shaf t  

Screw Seal D i a m e t e r  
i 

3.844 3.842 

1 H y d r o d y n a m i c  Seal 

L a b y r i n t h  T e e t h  D i a m e t e r s  
Inner  
O u t e r  . i  3.74913.750 

4.72014.721 
3.752/3.753 
4.719/4.718 

1 

STATOR 

I n l e t  D u c t  
i 

D i a m e t e r  a t  0" 
D i a m e t e r  a t  90" 

10.270 
10.271 

10.261 
10.262 

Scroll t 
. J  O . D .  of B e a r i n g  H o u s i n g  Flange 

a t  0" 
a t  90" 

Bearing H o u s i n g  and I n t e r n a l  Par t s  

7.589 
7.581 

7.589 
7.590 t 

Bearing H o u s i n g  O.D.  of A f t  D i a m e t e r  
a t  0" 
a t  goo 

O.D.  of Pad Bearing Seat D i a m e t e r  
a t  0" 
a t  90" 

6.192 
6.191 

6.1865 
6.1885 

4.538 
4.538 

Socket R i n g  O . D .  
a t  0" 
a t  90" 

5.1221 5.122* 
5.1229 5.125 

-9 1- 



TABLE V (Continued) 

PAD BEARING 

Journal  S leeve  

Bearing Pads 

ROTOR BALANCE (Residual  Unbalance) 

Forward Bearing, gin-in 

A f t  Bearing, gm-in 

*Unless s p e c i f i e d ,  dimensions given i n  inches .  

-9 2- 

3.429 3.429 

3 * 4345 3.436 

0.5 1 . 0 5  

0.5 0.35 



'I 
J 

TABLE VI 

TURBINE ASSEMBLY NO. 8 :  BUCKET WEIGHTS FOR 3000-HOUR ENDURANCE TEST 

B u c k e t  
No. * 
1 
1 
2 
3 
4 
5 
6 
6 
9 

10 
11 
15 
16 
17 
18 
18 
20 
21 
21 
22 
23 
26 
27 
28 
30 
33 
36 
39 
41 
43 
44 
47 
48 
49 
50 
51 
52 
54 

Set 
N o .  

I1 
I11 
111 
I1 
I1 I 
111 
I1 
I11 
111 
I11 
I11 
I11 
111 
111 
I1 
I11 
111 
I1 
1x1 
I11 
I1 I 
I11 
I11 
111 
111 
111 
I11 
111 
I11 
I11 
I11 
I1 
I11 
I11 
I11 
111 
I11 
I11 

- 

Weight 
B e f o r e  
T e s t i n g ,  

grams 

16.0713 
16.1136 
16.4715 
16.1379 
16.0879 
16.1355 
16.1624 
16.0148 
16.2194 
16.1016 
16.2141 
16.0318 
16.3276 
16.2109 
16.0632 
16.2208 
16.2192 
16.30M 
16.1873 
16.1935 
16.3793 
16.0952 
16.2055 
16.0049 
16.1918 
15.9247 
16.2604 
16.3049 
15.9256 
15.8243 
16.3346 
16.2529 
16.3455 
16.3947 
16.2955 
15.9932 
16.1913 
16.1974 

Weight 
A f t e r  
T e s t i n g  
& B r u s h  
C l e a n i n g ,  

grams 

16.0712 
16.1146 
16.4728 
16.1336 
16.0862 
16.1335 
16.1590 
16.0122 
16.2193 
16.1013 
16.2137 
16.0315 
16.3251 
16.2086 
16.0622 
16.2198 
16.2185 
16.3016 
16.1860 
16.1931 
16.3773 
16.0944 
16.2039 
16.0025 
16.1900 
15.9233 
16.2601 
16.3032 
15.9238 
15.8241 
16.3335 
16.2587 
16.3450 
16.3930 
16.2948 
15.9938 
16.1869 
16.1969 

STAGE 1 U 7 0 0  BUCKETS 

-93- 

Percent  
C h a n g e  

- .0006 
+.006 
+. 008 
- .027 
- .011 
- .012 
- .021 
- .016 
- .0006 
- .002 
- .002 
- .002 
- .015 
- .014 
- ,006 
- .006 
- .004 
+. 002 
- .008 
- .002 
- .012 
- .005 
- .010 
- .015 
- .011 
- .009 
- .002 
- .010 
- .011 
- .001 
- .007 
+. 036 
- .003 
- .010 
- .004 
+.004 
- .027 
- .003 

Weight 
A f t e r  
Vapor 
B l a s t ,  
grams 

16.0554 
16.0845 
16.4537 
16.1126 
16.0621 
16.1054 
16.1421 
15.9935 
16.1870 
16.0768 
16.1898 
1.6.0061 
16.3076 
16.1913 
16.0394 
16.1953 
16.2024 
16.2764 
16.1683 
16.1792 
'16.3553 
16.0748 
16.1780 
15.9774 
16.1712 
15.9021 
16.2340 
16.2809 
15.9094 
15.7968 
16.3156 
16.2315 
16.3328 
16.3714 
16.2690 
15.9754 
16.1692 
16.1819 

Percent 
C h a n g e  

- .009 
- .181 
- . lo8 -. 151 
- .160 
- .186 
- -126 
- .133 
- .198 -. 154 
- .150 
- .160 
- .122 
- .121 
- .148 ; 
- ,157 
- . l o4  
- .152 
-. 117 
- . O B 8  
- .146 
- .127 
- .170 
- .172 
- .127 -. 142 
- ,162 
- -147 
- . l o 2  
-, 174 -. 116 
- .132 
- .078 
- .142 
- .163 
- .111 
- .136 
- .096 



Bucket 
No.* 

55 
57 
61 
62 
64 
65 
67 
68 
70 
71 
73 
74 
74 
75 
77 
78 
81 
7 ** 
12** 
25** 
29 ** 
31 ** 
34** 
53** 

- Set  
No. 
I11 
I11 
I11 
I11 
I11 
111 
I11 
I11 
I11 
I11 
111 
I1 
I11 
I11 
I11 
I1 
I1 
I11 
I11 
I11 
111 
I11 
I11 
111 

- 
Weight 
Before 
Testing, 

grams 

16.0255 
16.2733 
16.0241 
16.0125 
16.3394 
16.1171 
16.1373 
16.2309 
16.3591 
15.9123 
16.0411 
16.1096 
16.2261 
16.1369 
16.1606 
16.1261 
16,1326 
16 3111 
16.3022 
16.1855 
16.317% 
16.2374 
16.4313 
15.8895 

TABLE VI (Continued) 

Weight 
A f t e r  
Testing 
& Brush 
Cleaning, 

grams 

16 0255 
16.2735 
16.0237 
16.0111 
16.3395 
16.1165 
16,1359 
16.2283 
16 3593 
15.9112 
16.0420 
16,1071 
16.2250 
16.1349 
16.1578 
16.1258 
16.1317 
16.3086 
16.2963 
16.1826 
16.3146 
16.2338 
16.4287 
15.8862 

Percent 
Change 

000 
+.001 - .002 - ,009 
+ ,0006 - ,004 - .009 - -016 
+. 001 - -007 
+.006 
- ,015 - .007 - .012 - ,017 - .002 - e006 - ,015 - ,036 - .018 - ,020 - .OR2 - ,016 - ,021 

Weight 
After 
Vapor 
Blast, 
grams 

16.0093 
16.2563 
16.0067 
15.9911 
16.3182 
16.0901 
16.1087 
16.2104 
16.3356 
15.8866 
16.0268 
16.0714 
16.2011. 
16.1134 
16 1341 
16,1076 
16.1078 
16.2946 
16.2833 
16.1615 
16 3008 
16 2144 
- i; .4160 
15.8733 

- 

Average of A l l  Buckets 

Average of A l l  Used Buckets 

Average of A l l  New Buckets 

-9 4- 

Percent 
Change 

- ,101 
- ,104 
- e  108 
I. 134 -. 130 
- a  167 -. 177 - -126 - 144 
- e  161 - ,089 - .237 - .154 - ,146 - ,164 - e115 - -154 - * 191 - e 116 - + 148 - 105 - .142 - ,093 - .lo2 
- 137 
- ,139 
.. ,115 



‘a 

& 

Bucket 
No. * 

2 
4 
5 
6 
7 
8 
9 

10 
12 
13 
14 
16 
17 
18 
19 
21 
22 
24 
25 
26 
27 
29 
30 
31 
32 
33 
35 
36B 
3 6A 
37 
38 
39 
40 
41 
42 
44 
45 
47 
49 
51 

- Set 
No. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I ’  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

- 
Weight 
Before 
Testing, 
grams 

21.7461 
21.9207 
21.8112 
22 0539 
22.0529 
22.3101 
21.9078 
22.1136 
21.9545 
22.3181 
21.4629 
22 0054 
21.5932 
21.6837 
21.7553 
21.6131 
21,9088 
22 0225 
21,5516 
21.641% 
21,1071 
20,9146 
20.9882 
21.5697 
21 3908 
21.6521 
21.3017 
21.4342 
21,2089 
21 7351 
21.2242 
21.3968 
21,3301 
21,5963 
21.1086 
21.2654 
21.6767 
21.1098 
21,4261 
21,2659 

Weight 
After 
Tes t i ng 
& Brush 
C 1 ea ning , 
grams 

21.7706 
21 9467 
21.8365 
22.0788 
22,0783 
22.3378 
21.9315 
22,1392 
21 9792 
22.3442 
21.4877 
22.4393 
21.6199 
21.7138 
21.7833 
21,6416 
21.9348 
22 e 0484 
21.5789 
21,6692 
21.1301 
20.9392 
21 0158 
21.5961 
21.4188 
21.6775 
21 3252 
21.4583 
21.2349 
21.7608 
21.2476 
21,4249 
21.3567 
21.6264 
21,1329 
21 2861 
21.7056 
21.1361 
21.4504 
21.2922 

TABLE vI(Continued) 

STAGE 2 U700 JBUCUTS 

-95- 

Percent 
Change 

+ ,113 
+. 119 
+. 116 
+. 113 +. 115 
+, 124 
+ ,108 
+.118 
+.112 
+.117 
+. 115 
+. 197 
+ ,124 
+.139 
+.133 
+. 132 
+ 118 
+.118 
+. 127 
+ 126 
+. 109 
+ * 118 
+.131 
+ I122 
+.131 
+.117 
+. 110 
+. 112 
+.123 
+. 118 
+,110 
+. 131 
+. 122 
+. 139 
+. 115 
+ ,097 
+. 133 
+. 125 
+.113 
+. 124 

Weight 
After 
Vapor 
Blast , 
grams 

21 7340 
21.9254 
21.8073 
22.0522 
22 0483 
22 3071 
21.9073 
22.1093 
21.9398 
22.3177 
21.4665 
22 9881 
21.5872 
21.6800 
21,7467 
21,6264 
21.8967 
22.0152 
21 5515 
21.6472 
21.1014 
20.9169 
20,9886 
21.5631 
21.3960 
21.6450 
21.3047 
21.4259 
21 2023 
21.7435 
21.2230 
21.3986 
21.3322 
21 6034 
21.1078 
21,2634 
21.6655 
21.1083 
21.4303 
21.2663 

- Percent 
Change 

- ,056 
+.021 - .013 - .008 
- ,021 
- ,013 - ,002 - .019 - ,067 - .002 
+.017 - .079 - ,028 - ,017 - .039 
+.061 - ,055 - ,033 - ,0005 
+.024 
- $027 
+.011 . 
+.002 - .030 
+ ,024 

+.014 
- ,033 

- .039 
- ,031 
+.039 - .006 
+ .008 
+.009 
+ ,033 - ,004 - ,009 - ,052 - ,007 
+ ,019 
+ L 002 



Bucket 
No.* 

60 
61 
62 
63 
64 

- 

6** 
23 
28 
29 
30 
55 
66 

19** 
22 ** 
23* 
21 * 

11* 
1 
2 

12 

* 

** 

These 

S e t  
No. 

I 
I 
I 
I 
I 

I1 
I1 
I1 
I1 
I1 
I1 
XI 

- 
Weight 
Before 
Tes t ing ,  
grams 

21.6078 
21.3245 
21.4219 
21.1051 
21 * 5493 

22.4879 
22,4808 
22,3744 
22,7885 
22.4551 
22.6861 
22.3104 

27.6231 
27.6249 
27.9279 
27.7907 

28.4657 
28.2838 
28.3379 
28.3752 

TABLE vI(Continued) 

STAGE 2 U700 BUCKETS 

Weight 
Af t e r  
Tes t ing  
& Brush 
Cleaning, Percent  

grams Change 

21.6317 +. 111 
21 ,3479 +.110 
21.4447 +. 106 
21.1297 +. 116 
21.5746 +. 117 

22.5047 +. 075 
22,4959 +.067 
22.3904 + .071 
22.8077 +. 084 
22.4724 +. 077 
22.7057 +. 086 
22.3287 + .082 

Weight 
Af t e r  
Vapor 
B las t ,  
grams 

21.6046 
21.3264 
21.4288 
21.1056 
21.5491 

22.4753 
22.4913 
22.3840 
22.8013 
22.4444 
22.6977 
22,2947 

- Percent  
Change 

- ,015 
+. 009 
+.032 
+. 002 
- .0009 
- ,056 
+ .047 
+ ,043 
+.056 

+. 051 
- ,048 

- -070 

Average of A l l  U700 Buckets +.013 

Average of Used Buckets +.017 

Average of New Buckets + 0033 

STAGE 2 TZM BUCKETS 

27.6244 + ,005 
27.6222 - * 009 
27.9260 +. 007 
27,7905 + 001 

Average 

STAGE 2 TZC BUCKETS 

28.4657 . 000 
28.2809 +eo10 
28.3387 +. 003 
28.3746 +. 002 

Average 

237,6120 
27.6130 
27,9181 
27.7811 

28 4573 
28.2735 
28,3277 
28.3642 

-.040 . - ,043 - .024 - ,034 

- ,035 

- 029 - ,036 - ,036 - e039 

- ,035 

buckets were used previous ly  i n  t h e  2000-hour test and were subsequently 
c leaned and r e - t i p  ground for use i n  the  3000-hour test. The weight changes l i s t ed  
above are thoee Incur red  only  dur ing  t h e  3000-hour tes t ,  

These are new buckets which ran only  i n  the  3000-hour test. 
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Blade 
Stage 

Untested 
Blank 

I 

First 

First 

First 

Second 

Second 

Second 

TABLE VI11 

TENSILE PROPERTIES OF U-700 TURBINE BLADE 

MATERIALS BEFORE AND AFTER ENDURANCE 

Turbine 
Test Test 
Time, Temp., 
Hours O F  - 
0 

0 

0 

0 

0 

0 

5000 

2000 

3000 

5000 

2000 1407 

1407 

1407 

3000 1407 

1407 

1407 

1407 

1407 

1407 

1407 

1407 

1314 

1314 

1314 

1314 

1314 

1314 

1314 

1 1314 

1314 

1314 

1 

TESTING 

Test 
Temp., 
OF 

R.T. 

R.T. 

R.T. 

R.T. 

R.T. 

R.T. 

R.T. 

R.T. 

1450 

1450 

R.T. 

R.T. 

R.T. 

1450 

R.T. 

R.T. 

R.T. 

R.T. 

R.T. 

1250 

R.T. 

R.T. 

R.T. 

1250 

-9 8- 

UTS , 
ks i 

185 

190 

188 

175 

175 

178 

190 

173 

137 

130 

145 

148 

152 

144 

191 

198 

199 

196 

195 

193 

198 

200 

195 

168 

II 

.2% 
ys, 
ks i 

124 

129 

125 

121 

125 

125 

131 

127 

117 

110 

122 

125 

120 

- 

99.5 

131 

1 30 

141 

143 

141 

114 

134 

132 

132 

121 

%I 

E 

19 

17 

20 

12 

12 

10 

15 

10 

20 

17 

- 

7.5 

2.5 

5 

15 

10 

12 

15 

15 

10 

15 

20 

20 

15 

30 

% 
R.A. 

18 

18 

18 

13 

10 

9 

12 

11 

37 

36 

- 

8.5 

5 

7 

32 

17 

19 

15 

13 

14.5 

24 

22 

19 

19 

24 



TABLE I X  

TENSILE PROPERTIES OF TZC TURBINE BLADE MATERIAL 

BEFORE AND AFTER ENDURANCE TESTING 

T e s t  Turbine T e s t  
Time, T e s t  Temp., Temp., 
Hours OF OF - 

N o t  T e s t e d  R.T. (2)  

N o t  Tes ted  150 ( 2 )  

Not Tes ted  250 (4) 

1240 R.T. ( 3 )  5000 

5000( 3 ,  1240 250 

. 

Convent ional  T e n s i l e  Specimens 

(2) A s  Rol led 2912OF 

.2% 
UTS , ys, % R 

R.A. - E - ks i 
_I 

ks i - 
103.1 97.8 1 .o 1 .o 

107 83.7 6.0 9.0 

69 .O 61.2 11.0 53.0 

96.1 91 .o 0 3 

93.4 67.0 17 34 

(3’ Minia ture  T e n s i l e  Bar from Turbine Blade 

(4) A s  Rolled and P i c k l e d  
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B l a d e  
N o .  - 

1 TABLE X 

BEND TEST RESULTS OF SPECIMEN PROM TZC, 5000-HOUR TEST BLADES 

T e s t  
Temperature 

B e n d  
A n g l e  - 

12 1 2 5 ° F  > 95" 

D u c t  i 1 i t y 

F r a c t u r e d  

1 250°F > g o 3  D u c t i l e ,  N o  Cracks 
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TABLE X I  

TENSILE PROPERTIES OF BARS EXPOSED TO POT.,SSIUM POR UPSTREAM 

AND DOWNSTREAM OF THE TURBINE DURING ENDURANCE TESTING 

T e s t  Turbine T e s t  .2% 
Time, T e s t  Temp., UTS , ys, % % 
Hours Temp., O F  O F  ks i E R.A. - I- 

ks i 
I - Alloy 

I .  Upstream 

TZM * 0 0 R.T. 108 102 24 60 
TZM* 0 0 1400 88 80 13 83 

- 

- 

TZM 

TZM 

TZM 

3000 

3000 

3000 

1500 R.T. 118 118 0 . 2  0.0 

1500 R.T. 104 - 0.0 0.0 

1500 1400 78.5 77.2 15.1 89.5 

TZM 3000 1500 1400 78.6 77.2 15.3 87.5 

- 

IT .  Downstream 

TZC * 0 
TZC * 0 

0 
0 

150 107 83.7 6.0 9.0 
1400 66.4 58.7 14 74 

1 

TZC 1746 1240 150 109 89.4 5.5 6.0 

TZC 1746 1240 250 100 81.1 9.8 22.4 

TZC 1746 1240 250 91.5 73.6 5.0 7.0 

TZC 1746 1240 1400 64.7 58.2 15.7 70.6 

TZC 3000 1240 150 116.2 115.1 0.3 1 .o 
TZC 3000 1240 150 111.3 109 0.3 2.0 

TZC 3000 1240 1400 91 87 10.7 59.3 

TZC 3000 1240 1400 94 91.7 9.4 51.8 

AS-30* 0 
AS-30* 0 

0 
0 

R.T. 127 100 13.0 30.0 
1400 90 73 8.0 55.0 

AS- 30 3000 1240 R.T. 113.1 108 0.6 1.0 

AS - 30 3000 1240 R.T. 122.3 112.6 1.3 2.5 

AS- 30 3000 1240 1400 88.5 77 12.1 61.2 

AS- 30 3000 1240 1400 88.5 76.9 12.0 59.2 

*Tensile test data from as-received material for comparison purposes.  

-101- 



n 
rid 

0 
0 
In 
ri 

I 

c, 
a, 
rl c 

Q) c 
.r( 
P 
k 
I 
B 
c, 
cd 
a 
a l  
c, 
cd 
0 
0 
r-3 

0 

U 

U 

a, 
P 
0 
k 
Pi 
v 

rl cn 
4 

0 0 
3 0  
0 0 + I 

( 9 0  

0 0  
( 9 0  
M c u  
\ \  
0 0  e o  m c u  

Q) 
0 
cd 
+ l a ,  
k k  
I O  
m u  

rl Lo cu 
In 

In 
0 

0 
m 0 

0 
0 

0 0 
0 0 0 

0 0 0 0 
4- I I I 

cn cn cn 

-102- 



In In  

-2 .2-  

N 
W N  
F I N  

d c v  cv 
2.2. 

b 
rl 
\ a  
W 
W 

a00 
N r l  d c v  

w o  
m c v  

. 2 -2 

a, 
0 
cd w a ,  
k k  
5 0  m u  

Lo 
0 
0 
0 

0 + 

W '. 00 
b 

d r l  

\J .d 

N N  

d 
d 

2 - 2  

In m b  
I n 0  
t n r l  ...... c v o  
N O  
m a 3  

a, 
0 
cd w a ,  
k k  
3 0  
m u  

. - i d  

'J  v 

cn ... 
I n 0  

rl 

0 4  c v N  

r l W  
W *  
d r l  ... '-. 
N I n  
d d  
r l d  

a, 
u 
(d w a ,  
k k  
5 0  m u  

cv 
0 
0 
0 

0 + 

(0 
W cn 
t- 
cn 

r l r l  

/ >d 

d 0 0  

c v c n  
c u r t  

b I n  
c n b  
r l r l  
\ \  m w  
c n o  

rl 

a, 
0 
cd w a ,  
k k  
3 0  m u  

d 
0 
0 
0 

0 
-I. 

r l r l  
.I 

!' f 

cob 
c n N  
\ \  
d r l  
O N  
rl 

b 

r l d  
rl 

4 \  

m 
k 
3 
0 s: 

-1 
i 

W 
00 
rl 
N 

a, 
0 
cd w a ,  
k k  
3 0  
m u  

2 

5 

.rl 
c, 

a, 

m 
0 a x 
a, 
d 
(d 
c, 
0 
c, 

cn 
0 
0 
0 

0 
I 

0 + 

2 
4 
a 
3 

c, 

m 

Lo In 
rl W 

cn 
d 

d 
43 

0 
d m 
00 

00 m 00 cn 

dr 
rl 
00 

k 
a, 
.9 
w 
cd 

00 
d 

I 
Er 

u 
N 
E-c 

E 
E 

u 
N 
E-, 

a cu 
rl 
d 
cd 
c, m 
C 
U 

n 
rl 
v 

n 
rl 
W 

4 
Lo W 01 m dr d 

- 10 3- 



n 
h 
0 w 
01 
rl 

I 

k 
a, 
m c 
a, a 
E: 
0 u 
a, 

0 

9 
c 
.I4 

a 
Q, 
c, 
cd 
0 
0 
+.3 
W 
H 
H 

Q) 
P 
0 
k a 
v 

w 
0 
rl 
0 
0 
I 

b 
M 
0 
0 

0 
I 

d 

0 
I 

d 
01 
0 
0 
0 

I 

o w  
rl 

c o r n  
L o d  

0 0  
b c a  c v c u  

0 
V 
cd 
W Q )  
k k  
7 0  m u  

0 
I 

0 co co m Q, 
rl 

M w Lo CD 

-104- 



E: 
0 
.d 
c, 

0 ’ 
I3 

8 

rl 

‘d 

d 

(D cv 

cv -2 

N 
0 cv 
\ cn 
t- 
rl 

a, 
0 
cd w 
k 
I 
m 

cv 
0 
0 
0 

0 + 

l n d  
\ \  
C V M  

rl 

V 

cn 

Go cv 

0 
d cu 

0 cv 
-2 

a, 
0 
cd w 
k 
I 
m 

M cv 
0 
0 

0 
I 

rl 

V 

In 

b 
8-4 

d 
Q) 
rl 
\ cv 
(D 
rl 

a, 
k 
0 u 

d r l  

v v  

d 
\ t -  
d 
rl 

cv cv 
\ I n  ocv 
In 

rl 

d 

t- 
rl 

d 
PI 
rl 

Q, 
In 
rl 

a, 
k 
0 u 

n 
cr, 
0 * cv 
rl 

I 

k 
a, 

a, a 
E: 
0 u 
a, 

2 

5 
d 

a 
a, 
c, 
cd 
0 
0 
$4 

TI 

U 
n 
U 

a, 
Q 
0 
k a 
v 

M 
M 

d 
-2% 

cn 
rl 

\ Q )  
d 
rl 

v8-4 ( D m  In 
d 

M 

‘ 4  
c u ‘ m  

M t -  
M r l  

m 
k 
I 
0 
,G 

In cv 
a0 

v1 
6 
5 

.: 
c, 

a, 
k 
3 
m 
0 a x 
a, 

rl 
(d 
c, 
0 
c, 

2 
? 
0 a 

I 
c, 
5 s: cn 
k 
5 

2 
In 
t- 
rl cu 
k 
a, 
c, 
w 
cd 

a 
a, 
rl 
rl 
cd 
c, 

2 
H 

n 
rl 
W 

a n  
O N  
cdw w a ,  
k k  
I O  
m u  

a, 
0 
(d w a ,  
k k  
3 0  
m u  

a, 
0 
cd 
’ H a ,  
k k  
I O  
m u  

a, 
0 
cd 
W Q )  
k k  
I O  
m u  

(D 
rl 
0 
0 

0 
I 

8-4 
0 
0 
0 

0 
I 

a0 
Cr) 
0 
0 

r( 

0 
0 

0 + 
s 

cv * 
8-4 * 
M 

Q u 
dl 

E 
E 

0 
I 

t- M 
M 
10 co 
co 

rl cu co 0 cv (D 
M 00 

00 cn 0 
rl 

Q u 
d 

rl 
cd 
4 
k 
a, 
c, 

Q) 
d 

I 
h 

Q) 
d 
I 

%I 
E 
E 

E 
E 

h 

v 
rl 

4 co cv M d In rl 

-105- 



TABLE X V I  

Alloy* - 
TZM 

TZC 

F - 4 8  

TZM & Cb 

REFERENCE C, 0, N ,  AND H ANALYSES FOR REFRACTORY METAL ALLOYS 

Carbon, Oxygen, Nitrogen, Hydrogen , 
PPm PPm PPm PPm 

178 25 10 

1305 28 4 

204 

650 

27 

28 

17 

14 

*Typical Compositions : -- 

TZM : hlo - 0 . 5 5  T i  - 0.09 Z r  - 0 . 0 1 9 C  

Tzc : Mo - 1 . 1  T i  - 0.13 Z r  - 0.1% 

F - 4 8  : C b  - 14.9 W - 4 . 5  Mo - 0.87 Zr - 0.027 C 

TZM & Cb: Mo - 1 .62  Cb - 0 .50  T i  - 0.32 Zr - 0.965 C 

( 1  

4 

3 

Ii 

“I 
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TABLE X V I I I  

EEOSION I N S E R T  WEIGHT CHANGES DURING 3000-HC IR ENDURANCE TEST 

A 1  loy O r  i g i n a  1 Weight 
Weight - Gm. 

U- 700 

A- 1 

A- 2 

A- 4 

A- 5 

A- 6 

TZhl 

c- 1 

c-2  

22.2998 

22.5790 

22.1130 

22.2138 

21.9830 

28.6028 

28.5091 

rrzc 
D- 1 28.2019 

D- 3 -. 27.9373 

AS- 30 

E- 1 

E-2 

E- 3 

27.1080 

26.8389 

26.6915 

-108- 

C h a n g e  - Gm. 

+o .0101 

i-0.0118 

+o * 0211 

+0.0148 

+O .0071 

-0.0090 

-0.0104 

-0.0057 

-0.0098 

-0.0437 

-0.0601 

-0.0574 



TABIAE X I X  

TENSILE PROPERTIES OF VARIOUS EROSION INSERT MATERIALS 

T e s t  S t r a i n  
Temp. 0.2% Yld. Ult. Elong . Energy  

M a  t e r i a 1 C o n d i t i o n  -OF -ksi - k s i  -% -ks i  

U- 700* A s  Heat T r e a t e d  1500 88 105 15 14.5 

U- 700 As Heat T r e a t e d  1250 130 180 8 12.4 

- - 

TZN * S R  1400 80 88 13 10.9 

TZ31* S R  + 3000 H r .  1400 77.2 78.5 15.1 11.8 
T u r b i n e  T e s t  
a t  1550'F 

TZC * 
TZC * 

SR 

S R  + 3000 H r .  
T u r b i n e  T e s t  
a t  1260°F 

1 

AS- 30 * SR 

AS- 30* S R  + 3000 H r .  
T u r b i n e  T e s t  
a t  1260°F 

1400 58 65 16 9.85 

1400 87 91 10.7 9.5 

1400 75 90 8 6.6 

1400 76.9 88.5 12 9.9 

*Data f rom h e a t  u sed  as i n s e r t s .  
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Figure  3. Overall Tes 
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ichematic for Potassium Turbine Endurance Test. 
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Purge 
Gas Inlet 

Figure 5. Bearing Housing I n t e r n a l  Assembly Showing Argon Pressurized 
O i l  Seal.  
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Figure 6. Installation of the Disc Brake on Two-Stage Turbine. 
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T5433-7 
Figure 7 .  In le t  Duct. 
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Figure 8 .  First Stage Nozzle Diaphragm. TW33-8 
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T5433-9 Figure 9. Second Stage Nozzle Diaphragm. 
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Figure 12. Turbine Casing. 
f T 2 
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Figure 13. Turbine Exhaust Scroll. 
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Figure 15. Turbine Casing Assembly. 
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Figure 17. Bearing Housing. 
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Figure 21. Bearing Housing Bore .  
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Ta33-30 
Figure 30,Refractory Alloy Specimen Probes From Station One, Left, and 

Condenser, Right (Note Darkening of F-48 Specimens). Mag: lX 
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Figure 3421. Turbine D i s c  Brake, 



J 

Figure  34b, Turbine D i s c  B 



Figure 35. Spl ine  Coupling, Potassium Turb ne End, Showing Tooth Wear, 
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Figure 38. Turbine Speed and Water Brake Torque During 3000 Hour 
#endurance T e s t  . 
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8 )  T e s t  D a t e s :  5-13-66 through 6-8-66 

- (3 Tent Dates8 8-17-66 through 9-7-66 
__._ - 

Preosures During Endurance Testing. 

(f) T e s t  D a t e s :  9-11-66 through 9-19-66 

Figure 8. Seal Cavity Pressures During Endurance Testing in September of 1966. 
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Figure 4 3 .  Surface Flange Runout Inspection of Turbine Exhaust Scroll. 
(Roundness) 
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Figure  4 4 .  Sur face  Flange Runout I n s p e c t i o n  of Turbine Exhaust S c r o l l .  
(Squareness)  
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Figure 47a. Inlet Duct Assembly. 
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Figure 48.. A f t  V i e w  of T u r b i n e  Casing A s s e m b l y .  
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Figure 48b. Aft V i e w  of Turbine Casing Assembly. 
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Figure 49. Top Half of Turbine Casing Assembly. 
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Figure 50.  Bottom H a l f  of Turbine Casing Assembly. 
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Figure 61.. F i r s t  Stage Nozzle Diaphragm Assembly Following 3000 Hour 
Endurance T e s t  and Vapor Blast Cleaning. 
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Figure 5lb .  First Stage Nozzle Diaphragm Assembly Following 3000 Hour 
Endurance Test pnd Vapor Blast Cleaning, 
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Figure 52’b. Stage Two Nozzle Diaphragm Assembly Following 3000 Hour 
Endurance T e s t  and Vapor Blast Cleaning. 
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Figure 52c. Stage Two Nozzle Diaphragm Assembly Following 3000 Hour 
Endurance T e s t  and Vapor Blast Cleaning. 
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Figure 53b. Honeycomb Tip Seals Following 3000-Hour Endurance Test; Stage Two. 

Figure 53c. Honeycomb Tip Seals Following 30004our Endurance Test; Interstage. 
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m33 -57 

Figure 57. Partllally Disassembled Wheel Following 3000 Hour Endurance 
T e s t  . 
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T5433-58 

Figure 58. Stage One Blade-Wheel Assembly Following 3000 Hour Endurance 
Test and Vapor Blast Cleaning. 
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U-700 Blades (5000 Hrs. Total Testing) 

Figure 59. Stage Two Blade-Wheel Assembly Following 3000 Hour Endurance 
T e s t  and Vapor Blast Cleaning. 
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T W M  
Figure 60.  Turbine Wheel Segment Following 3000 Hour Endurance Test. 
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i Figure 61. Tie Bolt Following 3000 Hour Endurance Test. j 
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Figure 62. furbine Shaft Following 3000 Hour T e s t  (Matl: A286). 
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Figure 63a. Beariag Housing Assembly After the 3000-Hour Test. 
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Figure 63b. Bearing Housing Assembly After the 3000iHour Test. 
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Figure 64. Hydrodynamic Seal Following 3000 Hour Endurance Test. 
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Figure 66. &all Thrust Bearing After 3000 Hour Test. (C66100363) 
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Figure 69. Convex Leading Edges of F i r s t  Stage U-700 Turbine Blades -39- 
. .  A f t e r  3000-Hour Turbine Test. Note Absence of Impact Erosion 

Damage on These Cleaned and Light ly  Vapor Blasted A i r f o i l s .  
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ma570 
Figure 7 0 .  Convex Leading Edges of Second Stage U-700 and TZC Blades. 

Note Absence of Impact Erosion Damage on These Cleaned and 
Light ly  Vapor Blasted Blades and t h e  Presence of Corrosion 
Traces on t h e  Two TZC Blades. 
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FIRST STAGE: 

Leading 
Edge 

SECOND STAGE: 

* 
3000 Hours 5000 Hours 

2000 Hours 

.k 

3000 Hours 5000 Hours 

T5433- 
P i t s  w e r e  Produced During P r i o r  S team Test ing of Turbine 

Figure 71. Convex Mid-Chord A i r f o i l  Surfaces  of U-700 Turbine Blades. 
Mag: 1 O X  
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FIRST STAGE: 

Leading 
Edge 

3000 Hours 5000 Hours 
SECOND STAGE: 

** 
3000 Hours 

*** 
5000 Hours 

* 
Relatively Minor Corrosion 

**No Evidence of Corrosion 
***Apparent Removal of 2000-Hour Corrosion Evidence 

Figure 79. Concave Leading Edge Air fo i l  Surfaces of U-700 Turbine 
Mag: 1OX Blades. 

TtW33-72 i 
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Test Run at  N 18,800 rpm 
Temperature, 1500°F 
Quality, .99 A Blade 

f , $ $  Relative Flow 

Blade Speed, 

(a) First Stage 

Temperature, 1386'F 
Quality, .,949 

63.2' 

(b) Second Stage TW33-79 

Figure 73. Rotor Blade Inlet Velocity Diagrams, 
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FIRST STAGE: 

T r a i l i n g  
E d g e  - 

3000 H o u r s  

SECOND STAGE: 

2000 H o u r s  3000 H o u r s  

Figure 74. Convex T r a i l i n g  E d g e  A i r f o i l  Surfaces of 

1 
< I  

5000 H o u r s  ,.I 
i 

j 

5000 H o u r s  

t15193-lr( 
U-700 T u r b i n e  Blades. 

Mag: 1OX 
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TZC : - 

Convex Mid-Chord 

U-700 : - 

Convex Mid-Chord 

Figure 7 5 .  

Concave Leading Edge 

Concave Leading Edge 

Convex Trailing Edge 

Convex Trailing Edge 

la33-75 
Comparison of Airfoil Surfaces of Second Stage U-700 and TZC 
Blades After 5000 Hours Testing. Mag: 1OX 
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m93-77 

Figure 77. Miniature Tensile Bar Taken From a Second Stage U-700 Blade A*er 
2000 Hours T e s t  a t  126OOF. 
for Comparison. (MCRA 3043) 

A- Second Stage U-700 Blade i s  Shown 
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m39-79 
Figure 79. Deep Alloy Depletion on Convex Surface of F i m S t a g e  5000 Hour 

Turbine Blade Near Trailing Edge. 

Etchant: HC1 + HNO3 + Acetic Mag: lOOOX 

~m33-80 
Figure 80. Thin Alloy Depletion Layer on Convex Surface of Secbnd-Stage 

5000 Hour Test Blade. 
Etchant: Unetched. 
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T W H l  

Alloy Depletion on Convex Surface Near Leading Edge of Second 
Stage Turbine Blade After 5000 Hour Test. 

Etchant: Unetched. Mag: lOOOX 

Figure 81. 

I 
i 
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-99-82 
Figure 82. Convex Air fo i l  Surface Near Mid-Chord of a 2000-Hour %Bt 

Mag: lOOOX 
First-Stage Blade. 

Etchant: Unetched. 

i 

i 

T-33-fB 

Figure 83. Convex Air fo i l  Surface Near Mid-Chord of a 3000-Hour T e s t  
First-Stage Blade. 

Etchant: Unetched. Mag: lOOOX 
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Figure 84. Corrosion Groove in Convex Surface Near Mid-Chord of a First- 
Stage U-700 Alloy, 3000-Hour Test Blade. 

Etchant: Unetched Mag: lOOOX 



Figure  85. Concave Surface  Near T r a i l i n g  Edge of F i r s t -S tage ,  5000 Hour 
T e s t  Blade. 

Etchant :  H C 1  + HN03 + Ace t i c  Mag: lOOOX 
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Figure  87. Copper-Rich Phase i n  Convex Surface  Near T r a i l i n g  Edge of 
Fi r s t -S tage  U-700 Alloy,  5000 Hour T e s t  Blade. 

Etchant :  Unetched Mag: lOOOX 
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Figure 88. Copper-Rich Phase i n  Convex Surface Near T r a i l i n g  Eae of 
F i rs t -S tage  U-700 Alloy, 3000-Hour T e s t  Blade. 

Etchant: Unetched Mag: lOOOX 
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Figure 89. Copper-Rich Phase i n  Convex Surface Near T r a i l i n g  Edge of 
Firs t -Stage U-700 Alloy, 3000-Hour T e s t  Blade. 

Etchant:  HC1 + HN03 + Acetic Mag: lOOOX 
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-5433 

First Stage: Operating Temperature 1407OF Second Stage : Operating Temperature 1314 0 F 
Note the absence of sigma phase in the second stage blades and the more extensive general 
sigma phase distribution in the longer test duration U-700 blades in the first stage. 
The 2000 hour, first stage micrograph was selected to show localized sigma phase in areas 
of high dovetail stresses. 

so 

Figure 90. Photomicrographs Showing Relative Quantities of Sigma Formation in Turbine 
Blades with Respect to Operating Conditions. 

Oxalic Acid Etch. Mag: 500X 
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Figure 91. Photomicrograph of Trailing Edge, Convex Surface of Second- 
Stage, TZM Turbine Blade. 

Etchant: Unetched Mag: 250X 
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Figure 93. Concave Surface A f t  of Leading Edge of Second-Stage, TZM 
Turbine Blade. 

E t c h a n t :  Unetched Mag: lOOOX 
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T6433 94 

Figure 94. Copper-Colored Deposit on Platform of Second-Stage, 5000 Hour, 
TZM Turbine Blade. 

Etchant:  Unetched Mag: lOOOX 

TM33-95 

Figure 95. Thin, Metallic Deposit on Concave Surface of TZM 5000-Hour 
Turbine Blade. Layed Extended From Approximately Mid-Chord 
t o  T r a i l i n g  Edge. 

Etehant: Murikami's Mag: lOOOX 
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Figure 96. 

‘1 
d 

Photomicrograph of Convex Surface Near Leading Edge of 3000 
Hour TZM Turbine Blade Showing Thin Metallic Surface Deposit, 

Etchant: Murikami’s Mag: lOOOX 
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TIME-HOURS 

SPECIMEN 
ALLOY 

W G E S  
IN: 

c z 
U D: w a 

w 
WEIGHT 

X U  z 

Y " 
4 
u 

CARBON, PPM 5 
a 

FIRST LAST TOTAL FIRST LAST 1 TOTAL FIRST LAST TOTAL FIRST LAST TOTAL 
3000 - 825 - 2175 

m 
m m 

0 

- 2000 - 1746 - 254 
0 

m 
- 3000 - 2186 - 814 - 1746 2000 - - 254 - -  

m m 

.It NO DATA 

-33-97 
Figure 97. Changes in Weight and in Carbon, Oxygen, and Nitrogen Content 

of Refractory Alloys During Turbine Testing. 
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Figure 99. Installation of Erosion Inserts in Second Stage Shroud For the 
3000 Hour Endurance Test. 
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T5rs33-500 

Figure 100. Liquid Potassium Impact Surface of U-700 Erosion Insefts (After 
2000 Hour Test). 
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Figure 102. Impact Erosion Pits in U-700 Erosion Insert A-3 After 
2000-Hour Test. 

Etchant: Unetched Mag: lOOX 

Figure 103. Impact Erosion Pits in U-700 Erosion Insert A-3 After 
2000-Hour Test. 

Etchant: Unetched Mag: lOOOX 
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Figure 104. U-700 Erosion Insert A-1 After 5000 Hours Total Test Time. 
These Pits were Present After 2000 Hours Test. 

Etchant: Unetched Mag: 15OX 
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Figure 105. U-700 Erosion Insert A-1 After 5000 Hours Total Test Time. 
These Pits were Present After 2000 Hours Test. 

Etchant: Unetched Mag2 lOOOX 

I 
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lS3;3-106 

Figure 106. U-700 Erosion I n s e r t  A-1 Af te r  3000-Hour T e s t .  These New 
P i t s  w e r e  Located S l i g h t l y  Af t  of t he  P i t s  Formed I n i t i a l l y  
During t h e  2000-Hour T e s t .  

Etchant:  Unetched Mag: lOOX 
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Figure  107. U-700 Erosion Insert’A-1 A f t e r  3000-Hour T e s t .  These New 
P i t s  w e r e  Located S l i g h t l y  A f t  of t h e  P i t s  Formed I n i t i a l l y  
During t h e  2000-Hour T e s t .  This  S e c t i o n  Represents  Deepest 
P i t  i n  F igu re  106 A f t e r  a L igh t  Repolish.  

Mag: lOOOX Etehant :  Unetched 
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Figure 108. rac ter i s t i c  Liquid Droplet Impact Erosion on S t e l l i t e  6 
team Turbine Blade Insert.  (C65061410) 

Mag: 13X 



TS493-100 

Figure 109. Erosion P i t s  in  S t e l l i t e  6 B  Steam Turbine Blade Shield. 

Etchant: Chromic Acid Mag: lOOX 

-233- 



rarggii0 

Figure 110. Forward Face of AS 30 Insert,  Showing Corrosion. 
Condition Exists on Aft Surface. 

Similar 
.. i 
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Figure 111. Corrosion Pit of AS-30 Erosion Insert E-2. 
Etehant: Unetched Mag: 500X 

I a 

- 1  
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Figure 112. A f t  Eud of Second-Stage Blade C l i p s  Showing Erosion 

Erperienced During 3000 Hour Endurance Test. 

Mag: 23X 

Figure 113. IuW-W, I 

Mag: 23X \ 

I 

Aft End of First-Stage Blade Cl ips  Showing Erosion 
Experienced During 3000 Hour Endurance T e s t .  

I 
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TS433-114 

Figure 114. Second Stage Blade r l i p  Erosion P i t s .  

Etchant: Unetched Mag: lOOX 

- 

Figure 115. F i r s t  Stage Blade C l ip  Erosion P i t s .  T5833-115 

Etchant: Oxalic Mag: 500X 
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Figure 116. Erosion of Second Stage Honeycomb Tip Shroud. 

Mag: 34X 
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Figure 117. Section of Second Stage Honeycomb Tip Seal Showing 

Mag: 26X 

TsT39-117 
Impact Erosion. 
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Figure 118. Photomicrograph of Eroded Section of Honeycomb Cell Wall. 

Etchant: Unetched Mag: 250X 
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Temperature, OF 

Figure 119, Comparison of Yield and Fatigue Strength of TZM and U-700 
Near the Erosion Insert Temperature. 
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EROSION RESISTANCE 3 
(RECIPROCAL OF RATE 
OF VO UME LOSS - 
HR/MM 5 ) 

2 

1 

5 

I 1 I I I I 

/ 0 AFTER THIRUVENGADAM/PREISER 
@ PLOTTED ASSUMING DIRECT CORRELATION *A 

Figure 120. 

T-222 
A - 7 0 0  AT 150OoF 

U-700 AT 1250'F 

- TZM F : ? ? i i O ° F  AS-30 AT 140OoF AFTER TURBINE TEST 

Cb-132H 

AS-30 AT 1400'F 

I I I I I I 
5 10 15 20 2 5  30 3 

ESTIMATED STRAIN ENERGY - K s I  
m93-120 

Relationship Between Cavitation Damage Resistance and 
Estimated Strain Energy in 1000°F Liqpid Sodium (After 
Thiruvengadam and Preiser, NASA CR-72635). 
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Water Brake Torque From H e a t  Balance, i n .  lbs .  

Figure 121. Comparison of Heat Balance Torque and Torque Meter Readings 
Obtained During 2000 Hour T e s t .  
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Weight Flow From Bullet Nose, lbs./sec. 

Figure 123. Comparison of Weight Flow Obtained From EM Flow Meter 
and Bullet Nose. 
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ation of Turbine Parameters During Endurance Testing. 
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